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Abstract
Pain which is an unpleasant sensory and emotional experience incorporating substantial tissue
damage, remains quite unexplored in terms of chronic pain treatment due to availability and
over prescription of opioid analgesics. These opioid drugs modulate the inhibitory signaling
through coupling with G protein-coupled receptors (GPCR) (-opioid receptor), modulating a
variety of ion channels and thus, resulting in inhibition of neurotransmitter release at the
primary afferent nerve terminals in the spinal cord producing anti-nociception. However, the
desired outcomes cannot outweigh the resultant adverse effects such as tolerance and
dependency, limiting opioids’ therapeutic effectiveness. Therefore, with the aim to discover an
alternative drug effective in anti-nociception, my current approach is to investigate novel
conopeptides derived from the venom of marine cone snails that modulate membrane receptors
and ion channels in the pain pathways. I have primarily focused on -conotoxin Vc1.1 which
was originally proposed to be anti-nociceptive through inhibition of neuronal nicotinic
acetylcholine receptors (nAChRs). However, the disparity in its functional activity between
human and rat 910 nAChR resulted in its withdrawal from phase II clinical trial (Metabolic
Discontinues ACV1 Trial, 2007). Nevertheless, the extension of this study in α9α10 knockout
mice producing effective analgesia elevated curiosity of the researchers to explore more
thoroughly. Interestingly, this led to the discovery of Vc1.1 activity at the GABAB receptor
(GABABR) that intensified the need for their preclinical development as an effective
pharmacophore. Concurrently, development of a truncated version of full length conotoxinVc1.1, with the aim to make the compound faster, serum stable and target specific,
Vc1.1(1-8) from “loop” 1 was synthesized and shown analgesic for chronic visceral
hypersensitivity (CVH).
In chapter 2, I identified another potential analgesic -conotoxins mechanism occurring
through GABABR potentiation of homomeric and heteromeric GIRK channels. Human
GABABR and GIRK channels were expressed in HEK293T cells, followed by evaluating the
pre-requisition of the receptor through the use of an agonist and antagonist, baclofen and CGP
55845, respectively. Next I examined the efficacy of -conotoxin Vc1.1 on excitability in
mouse peripheral DRG sensory neurons. A surprising observation was hyperpolarization of
membrane potential and reduction in input resistance by both Vc1.1 and baclofen in mouse
dorsal root ganglion (DRG) neurons. Furthermore, resultant decreases in rheobase and number
of action potential (AP#) generated suggest contribution of GIRK and high voltage-activated
(HVA) calcium channels modulation through GABABR activation. This notion was further
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corroborated with application Tertiapin-Q, a GIRK channel inhibitor, which supported the role
or contribution of GIRK channels whereas the Cav2.2 selective inhibitor, -conotoxin CVIE,
and a non-selective calcium channel blocker, Cd2+, both confirmed the previously recognized
roles and potential contribution for Cav2.2 channels for neuronal excitability. Thus, a distinct
pathway of Vc1.1 modulation of GIRK channel in addition to HVA Cav channel modulation
was recognized.
In chapter 3, discovery of another cone snail venom-derived peptide belonging Oconotoxin superfamily, GeXIVA, active at α9α10 nAChRs and also analgesic in rodent models,
stimulated investigation of its activity at GABAB receptors. I demonstrated the activity of Oconotoxin GeXIVA at GABABR-coupled GIRK channels. Analogous to Vc1.1, GeXIVA
inhibited both GABABR- mediated HVA calcium and GIRK channels expressed recombinantly
in HEK293T cells and in mouse DRG neurons. Among three isomers of GeXIVA, globular,
ribbon and bead, only the globular isomer of GeXIVA was active at potentiating GABABRcoupled GIRK channels. Notably, of the three isomers, the globular GeXIVA[1,3] also
attenuated excitability in mouse DRG neurons similar to that observed for Vc1.1 modulating
both active and passive membrane properties. Application of the selective GABABR antagonist
CGP 55845 inhibited both potentiation of GIRK channel K+ currents and ameliorated the effect
of GeXIVA[1,3] on neuroexcitability strongly suggesting that GABABR is another target of
the peptide.
In chapter 4, I performed structure-activity relationship between truncated peptide,
Vc1.1(1-8), and a series of its analogues at the GABABR. Interestingly, truncation of the full
length Vc1.1 peptide did not compromise its efficacy on potentiation of GIRK channel K+
currents upon GABABR stimulation. Moreover, I verified that the three analogues of Vc1.1(18), [S3K], [D-Arg7] and [Thioacetal], were also active, inhibiting GABABR-coupled HVA
calcium currents. Except for [Thioacetal], the other two analogues exhibited similar potency in
potentiation of GIRK mediated K+ currents via GABABR activation. Through my work, a nonreducible linker component, not required for GABABR-coupled inhibition of HVA Ca2+
currents, was found essential for potentiation of GABABR-coupled GIRK channels.
Furthermore, another outcome of this study was the discovery of two target selective analogues,
namely [S4R]Ac-Vc1.1(2-8) for 7 nAChR and [D-Arg7]Vc1.1(1-8) for GABABR. Thus, a
new strategy for future target specific drug development was identified.
In chapter 5, I determine the functional activity of three new peptides produced
recombinantly in the yeast model organism Pichia pastoris or chemically synthesized. More
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intriguingly, to minimize cost of naturally synthesized peptides and to have large-scale
chemical synthesis of active compound, recombinant, and chemical variety of cyclic version
of Vc1.1 peptide were created to reduce environment pressure and probe their functionality to
their newly originated target receptor, GABAB. The findings from this study constitute the first
instance in which recombinantly produced Vc1.1 is equipotent to native Vc1.1. Similar to the
native Vc1.1 peptide, the recombinant [G22N]cVc1.1 and chemically synthesized cVc1.1 or
[G22N]cVc1.1 peptides require GABABR for the inhibition of peak IBa mediated by HVA Cav
channel. The outcome of this chapter reflects a feasible sustainable green production platform
suited for future large-scale production of functionally active conopeptides, cost effective and
innocuous to our environment.
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Chapter 1: Introduction
1.1 Ion Channels and its significance
Ion channels are transmembrane proteins that have a significant role both in normal
physiological processes as well as numerous pathological processes (De Logu & Geppetti,
2019; Schulz et al., 2008). They are very discrete regarding their selectivity to conduct ions
(Na+, K+, Ca2+, Cl-, etc.) and thus, categorized based on the ion they permeate. Their diverse
functions include conduction of the nerve impulse by opening or closing of ion channels in
response to changes in membrane potential (voltage) or ligand binding (Hille et al., 1999;
Kariev & Green, 2012). These characteristics were first summarized in a mathematical model
by Hodgkin and Huxley explaining propagation of ions along the nerves to generate distinct
ionic conductances in excitable cells like neurons and muscle cells (Hille et al., 1999).
The modulation of membrane ion channels can play a significant role in treatment of
several conditions including acute or chronic neuropathic pain, chronic visceral
hypersensitivity, arrhythmias, deafness, epilepsy etc. (Finnerup et al., 2021; Imbrici et al.,
2018). Among the diverse range and widely distributed sodium, calcium and potassium etc.
ion channels, my interest will center on G protein-coupled ion channels, notably, G protein
inwardly-rectifying potassium channel (GIRK) and High Voltage-Activated (HVA) calcium
channel.
1.2 G-Protein-Coupled Inwardly Rectifying Potassium Channel (GIRK)
1.2.1 The molecular structure and pharmacology of GIRK channels
Potassium channels are one of the most diverse and widely distributed ion channels;
they are further subdivided into 12 super families with more than 80 genes identified in humans
related to these channels. Depending on their structural composition and phylogenetic
homology, potassium channels are divided into four large groups known as: (i) voltage-gated
potassium channels (Kv), (ii) two-pore domain potassium channels (K2P), (iii) calciumactivated (KCa) potassium channels, and (iv) inward-rectifier potassium channels (Kir)
(Gutman et al. 2003). Among them, the GIRK channel corresponds to the subclass four of
inward-rectifier potassium channel family (Fig. 1.1A). The G Protein-Coupled Inwardly
Rectifying Potassium (GIRK) channels constitute a subclass of inward-rectifier potassium
channels (Fig. 1.1A) due to their obligatory coupling to heterotrimeric G-proteins (Alexander
et al., 2019; Zhao et al., 2021).
A typical functional voltage-gated potassium (Kv) channels composed of four αsubunits (homo- or hetero-tetramer) each of which has six transmembrane spanning domains
(S1-S6); these transmembrane helices additionally form two distinct subsidiary domains, (i) a
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Voltage- Sensing Domain (VSD) which responds to changes in membrane potential is formed
by S1-S4 subunits, and (ii) a Pore Domain consists of S5, P loop and S6 which acts as a
selectivity filter only for K+ ions. The general motif for this selectivity filter in all K+ selective
ion channels by sequence consist of T-X-G-Y(F)-G within the pore (Bichet et al. 2003).
However, they also contain two cytoplasmic subunits, an amino (N-) and carboxyl (C-)
terminus (Fig. 1.1B) (Borjesson & Elinder, 2008; Grizel et al., 2014). In contrast, GIRK
channels are although identical in structure to Kv channels with respect to the pore domain,
they contain only two transmembrane helices, similar to transmembrane helices like S5 and S6
of Kv channels. Moreover, GIRK channels are voltage-independent and lack the first four (S1S4) transmembrane structure with a dissimilarity in gating process and current kinetics
(Luscher & Slesinger, 2010). Two transmembrane helices for GIRK channels known as M1
and M2 are linked to each other with P-loop helices. Unlike other potassium (Kv) channels,
they also contain cytoplasmic amino (N-) and long carboxyl (C-) terminal involved in receptor
activation and modulation of channel activity (Glaaser & Slesinger, 2015; Nishida et al., 2007)
(Fig. 1.1B).
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Figure 1.1: Phylogeny and structure of GIRK channela. (A) Phylogenetic tree of the inward
rectifying potassium (Kir) channel family. The gene name for each channel is shown in
brackets. From the four Kir families, my interest is focused on the G protein-gated K+ channel
(red box). The analysis was based on the orientation of hydrophobic core region. *Adapted
from Kubo et al. (2005). (B) Schematic architectural representation of Kv and GIRK channels.
While the Kv channel -subunit consists of six transmembrane helices (S1-S6), the GIRK subunit is comprised of two transmembrane helices, M1 and M2. Their P-loop’s amino acid
sequence are organized in a distinct way to selectively allow only K+ ion to permeate and both
channels also contain N- and C- terminal for their characteristic modulation.

There are four subtypes of GIRK channel, GIRK1-GIRK4 (Kir3.1, Kir3.2, Kir3.2 and
Kir3.4) which can form homomeric and/or heteromeric channels. A functional GIRK channel
is formed by four -subunits, and all GIRK subtypes can associate with each other to form
heterotetramers (GIRK1/GIRK2, GIRK2/GIRK3, GIRK1/GIRK4 etc.) except GIRK2 and
GIRK4, which can also form a functional homotetrameric channel (Hibino et al. 2010).
Interestingly, GIRK1 and GIRK3 channels lack an endoplasmic reticulum (ER) forward signal
motif either in their N- or C-terminus that enables them to commute to the plasma membrane
and thus do not generate functional channels when expressed alone (Dascal, 1997; Ma et al.,
2002). Apart from their diversity in channel conformation, GIRK channels are broadly
distributed in all tissues including neurons, cardiomyocytes, and hormone secretory organs like
pancreas or pituitary gland, and are implicated in different pathologies (Dascal, 1997). A brief
summary of their distribution, physiologic functions and pathology in the human body is shown
in table1.1.
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Table 1.1: GIRK channel subunits, locations, and functions.

*Adapted and modified from Hibino et al. (2010).

Identification or isolation of specific ion channel currents can be challenging without
potent and selective inhibitors or activators. Many FDA-approved drugs have been reported to
modulate GIRK channels as off-target effectors (Jeremic et al., 2021). A broad range of
activators and blockers have been reported to modulate neuronal channels directly or coupled
to several G protein-coupled receptors (GPCRs). Nonetheless, several antipsychotic,
antidepressant and anesthetic drugs inhibiting different subunits of GIRK channels have been
identified and studied in vivo or in vitro. For example, antipsychotic drugs e.g., haloperidol,
thioridazine, pimodine, clozapine (Kobayashi et al., 2000), antidepressant drugs as such
imipramine, desipramine, amitriptyline, fluoxetine (Kobayashi et al., 2003, 2004), volatile
anaesthetics, halothane, isoflurane, enflurane (Milovic et al., 2004; Weigl & Schreibmayer,
2001) have been shown to block GIRK1/2/3 homomeric or heteromeric channels without
evidencing subunit specificity. Furthermore, some divalent ions such as Ba2+, Ca2+, and Zn2+
have also been reported as non-selective GIRK current inhibitors (Jeremic et al., 2021). The
honeybee peptide Tertiapin-Q was identified as a selective GIRK inhibitor through two
electrodes voltage clamp recordings of recombinant GIRK channels in Xenopus laevis oocytes
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with a half inhibitory concentration (IC50) 8 nM (Kanjhan et al., 2005). Among the direct
channel agonists, most first generation compounds listed for GIRK currents had multiple
effector targets, nonetheless they were instrumental for the study of GIRK channels function
and modulation. For example, ions like Na+ and Mg2+, as well as methanol, ethanol, volatile
anaesthetics such as chloroform, toluene, nitrous oxide (Kollert et al., 2020; Milovic et al.,
2004; Nimitvilai et al., 2016; Weigl & Schreibmayer, 2001; Yamakura et al., 2001), the
antiparasitic drug ivermectin (Chen & Kubo, 2018), and the analgesic Flupirtine (Kobayashi et
al., 2000), all activate GIRK channels irrespective of their primary targets. Recently, several
small molecule compounds have been discovered that selectively target GIRK channels
minimizing off-target adverse effects enhancing their therapeutic benefits, such as ML297,
VU0466551, GAT1508, VU0810464, and GiGal (Abney et al., 2019; Wydeven et al., 2014;
Xu et al., 2020; Zhao et al., 2020). Besides, compounds (both agonists and antagonists) acting
on GPCR-coupled GIRK channels have also been identified that are central to modulate several
neurological conditions. A short summary of few distinct direct and GPCR- coupled
(GABABR) GIRK channel activators and inhibitors is given in Table 1.2.
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Table 1.2: Selected few direct and GPCR-coupled (GABABR) GIRK channel agonists and
antagonists.
AGONISTS
GIRK channel

GPCRs coupled GIRK channel

Substance
Divalent ions (Na2+,
Mg2+)

Relative selectivity
GIRK2, GIRK3,
GIRK4 containing
channel

Substance
Analgesics (Morphine)

Alcohol (methanol,
ethanol, 1-propanol, 2methylpentane-2-3-diol
(MPD), Naringin)
Ivermectin

GIRK1/2 & GIRK1/4
heteromeric channel

Sedatives (Ethanol, GHB
(γ-hydroxybutyric acid))

GIRK2 containing
channel

Cocaine

ML297

GIRK1/2, GIRK1/3
or GIRK1/4
heteromeric channels
GIRK1 containing
channels
GIRK1 containing
channels
GIRK1/2 heteromeric
channel

Baclofen

VU0466551,
VU0529331
GAT1508
GiGa1

GIRK channel
Substance
Divalent ion Ba2+

Antipsychotic Drug
(haloperidol, clozapine,
thioridazine, pimozide,
olanzapine)
Antidepressant drugs
Ethosuximide

Tertiapin-Q

Relative selectivity
µ-opioid and
GABAB receptor
coupled GIRK
channel
GABAB receptor
coupled GIRK
channels
D2 receptor coupled
GIRK channel and
GABAB receptor
coupled GIRK
channels
GABAB receptor
coupled GIRK
channels

ANTAGONIST
GPCRs coupled GIRK channel

Relative selectivity
Non-selective
inhibitor of all inward
rectifying potassium
current and GIRK
current
GIRK1/2/3 channels

Substance
Analgesics (Morphine)

Relative selectivity
GABAB receptor
coupled GIRK
channels

Methamphetamine

GABAB receptor
coupled GIRK
channels

GIRK1/2, GIRK1/4
and GIRK2 channels
GIRK2/4 homomeric
or heteromeric
channels
GIRK1/4 and
GIRK1/2 channels

*Adapted and modified from Jeremic et al. (2021)
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1.2.2 Neuronal GIRK channels and their modulation by GPCRs
Sir Bernard Katz first described the inward rectifying K+ current in skeletal muscle
(Katz, 1949). Subsequently, Ikir has been recognized by many researchers whilst several
GPCRs have been shown to modulate the activity of GIRK channel in response to several
physiological changes (Hibino et al., 2010). GIRK channels are one of the key regulators of
neuronal excitability due to their ability to preferentially conduct K+ inwardly across the cell
membrane to restore resting membrane potential (Luscher & Slesinger, 2010). The unique
biophysical properties of the GIRK channel i.e., (i) low threshold activation and low voltagedependence, (ii) strong inward rectification, and (iii) non-inactivating nature (Fig. 1.2) support
these channels compelling role as excitability “brakes” (Luscher & Slesinger, 2010). Among
the four subtypes, heteromeric GIRK1/2 (Kir3.1/3.2) channels have been reported to be the
most abundant both in the peripheral and central nervous systems. Interestingly, GIRK2/3 and
homomeric GIRK2 channels appear to be exclusively expressed in certain regions of the central
nervous system such as the ventral tegmental area and substantia nigra pars compacta,
respectively (Cruz et al., 2004; Koyrakh et al., 2005; Lujan & Aguado, 2015; Wickman et al.,
1998). As homotetramers, neuronal GIRK2 channels are composed by different splice variants
(GIRK2a, GIRK2b, and GIRK2c) with different carboxyl (C-) terminal lengths. In contrast,
GIRK4 expression in the nervous system is relatively low and does not contribute essentially
to neuronal K+ currents; interestingly though, GIRK4 is instrumental in cardiac
hyperpolarization as they are more abundant in cardiomyocytes (Luscher & Slesinger, 2010).
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Figure 1.2: A theoretical representation of inward rectifying potassium current produced
by GIRK channel in neurons. Basal current (red line) and current induced by GIRK agonist
(blue line) showed large inward rectification at a holding potential of 90 mV with a shift of
the activation curve (dotted blue line) to a more hyperpolarized potentials. *Adapted from
Luscher and Slesinger (2010).
Modulation of GIRK channels by GPCRs originates upon ligand binding to the receptor
that results in heterotrimeric G-protein dissociation to Gα and Gβγ subunits, triggering the
release of neurotransmitters and activation or deactivation of the GIRK channel (Jeremic et al.,
2021). Downstream signal transduction mediated by GIRK channels coupling with various
GPCRs (M2 muscarinic, 5HT1A serotonergic, A1- purinergic, α2-adrenergic, µ- and δ-opioid,
somatostatin, GABAB and dopamine D2 receptors etc.) primarily involve the Gβγ component
of the G protein to transmit excitatory signaling cascades (Hille, 1992; Mark & Herlitze, 2000).
Interestingly, there was a major controversy involving Gαi/o subunits central to neuroinhibition. One research group investigated the role of native or recombinant Gα subunits and
the non-hydrolysable analogue GTPγS (Codina et al., 1987; Yatani et al., 1988) whereas the
other research group investigated purified and recombinant Gβγ subunits on GIRK channels
(Reuveny et al., 1994; Wickman et al., 1994). The findings indicated that application of
different forms of Gβγ subunit can directly activate GIRK channel which can be attenuated by
β-adrenergic receptor kinase (βARK), an associating protein of Gβγ and Gα. Nevertheless, the
role of Gα in basal GIRK channel inhibition without GPCR activation (Dascal & Kahanovitch,
2015) or the role of Gαi/o in modulation GPCR coupled GIRK channels are distinct in
suppressing neuronal excitability (Glaaser & Slesinger, 2015). Another way to modulate the
GIRK channel activity is by activating GPCRs that bind to Gq to cause reduction in membrane
PIP2 level and stimulate Phospholipase C (PLC), inhibiting GIRK K+ currents (Luscher &
Slesinger, 2010). Furthermore, Na+ (Ho & Murrell-Lagnado, 1999; Sui et al., 1996), ethanol
(Aryal et al., 2009), and Phosphokinase A (PKA)-dependent phosphorylation (Mullner et al.,
2000) can also enhance GIRK channel activity whereas Phosphokinase C (PKC)-dependent
phosphorylation (Mao et al., 2004) reduces GIRK channel activity. Nevertheless, regulatory
G-protein (RGS), and some distinct auxiliary proteins associated with KCTD family have also
been reported to modulate various aspects of the signaling cascade including receptor
desensitization based on GIRK currents response to GPCRs, i.e., GABABR (Rajalu et al., 2015;
Zheng et al., 2019).
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1.2.3 GIRK channels in neuropathic and inflammatory pain
Constitutive or agonist-induced GIRK channel activation contributes to re-establishing
resting membrane potential and thus to neuro-inhibition. The GIRK channel has been
highlighted in the literature proposing that they are fundamental to slow inhibitory postsynaptic
potential (sIPSP) evidenced as sufficient to suppress neuronal discharge (Ladera et al., 2008).
Nevertheless, recent studies demonstrated that pre-synaptic GIRK channels are also central to
many inflammatory processes as well as chronic and intractable pain (Benke et al., 2012;
Chalifoux & Carter, 2011; Fernandez-Alacid et al., 2009; Gerrard et al., 2018). This was
supported by conducting in vivo experiments manipulating various subunits of GIRK gene
which revealed altered pain perception even after administration of saturating concentrations
of analgesics. Remarkably, knockout of kcnj3 (GIRK1) gene or kcnj6 (GIRK2) genes in
transgenic Weaver mice resulted reduced anti-nociception even after intrathecal injection of
the opioid analgesic, morphine (Marker et al., 2004; Mett et al., 2021; Mitrovic et al., 2003).
Subsequently, another study conducted in GIRK2/3 knockout mice reported similar results on
the nociceptive effects demonstrating GIRK channel’s substantial role in amelioration of pain
signal transmission (Marker et al., 2004; Morgan et al., 2003). Moreover, existence of GIRK
channels in peripheral sensory DRG neurons and their subsequent contribution in lessening
neuronal excitability elicited further inquisitiveness to target this channel for pain modulation
and thereby, achieving analgesia (Nockemann et al., 2013). Therefore, I will focus on GIRK
channels coupled to GABABR, as an alternative target to opioid receptors, to explore finding
alternative effector compounds for anti-nociception.
1.3 Voltage-Gated Calcium Channel (VGCC)
1.3.1 Overview and subtype of VGCC
Susumu Hagiwara first proposed the existence of diverse calcium channels in the egg
cell membrane of starfish (Hagiwara et al., 1975).Similar calcium channel currents were
observed in mammalian sensory neurons by Carbone and Lux (1984) and Fedulova et al. (1985)
and were divided into two major subclasses based on their voltage-dependent gating: high and
low voltage-activated (HVA and LVA, respectively) calcium channels (Dolphin, 2003).
However, differences in their conductances and biophysical properties further classified them
in another two distinct groups: L-type (Large channel conductance and need strong
depolarization current to be activated) and T-type (Tiny channel conductance and “transient”
current) channels (Tsien et al., 1988; Yasuda & Adams, 2008). Numerous studies have
characterized diverse physiological events within the cells involving Ca2+ influx via VGCC,
including muscle contraction (Hill-Eubanks et al., 2011; Thorneloe & Nelson, 2005), hormone
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secretion (Johnson et al., 2002; Yang & Berggren, 2006), neuronal excitability, synaptic
regulation (Yasuda & Adams, 2008), enzyme regulation (Abele & Yang, 2012), and gene
transcription (Bidaud et al., 2006; Phan et al., 2017). Furthermore, the sensitivity of VGCCs to
selective agonists and antagonists, such as DHP, 1, 4-dyhydropyridine, phenylalkylamine,
benzothiazepine) (Fox et al., 1987a, 1987b) or peptide toxins (conotoxins) (Adams & Berecki,
2013; Muttenthaler et al., 2021) helped researchers to isolate specific VGCC currents.
HVA calcium channels comprise of Cav1 and Cav2 families, where most of Cav1
family (Cav1.1, Cav1.2, Cav1.3 and Cav1.4) has a large single channel conductance and are
sensitive to DHPs. Interestingly, Cav2 family (Cav2.1, Cav2.2 and Cav2.3) channels are
insensitive to DHPs but like the Cav1 family also require strong membrane depolarization for
activation (Yasuda & Adams, 2008). Numerous studies have shown Cav1 family are primarily
expressed in cardiac, skeletal and smooth muscle, pancreatic beta cells, and the specific
blockers nifedipine, phenylalkylamines, and benzothiazepines are potent blockers of L-type
Cav1 calcium currents in a state-dependent manner and are now used worldwide as antihypertensive and anti-anginal drugs (Zamponi et al., 2015). In contrast, antagonists of the Cav2
family, demonstrated to have a crucial role in neurotransmitter release, can contribute largely
to the inhibition of pain transmission. Furthermore, Cav2.1 channel or in particular, variation
in CACNA1A gene have long been implicated as a susceptibility factor for idiopathic
generalized epilepsy and therefore their modulation can cause suppression of neuronal
excitability in case of epilepsy. A summary of HVA or LVA Cav channels classification,
primary distribution, selective antagonists and functions are described in Table 1.3.
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Table 1.3: Voltage-Gated Calcium Channel subtypes, locations and physiological
functions.

*Adapted and modified from Ertel et al. (2000).

Our research has focused primarily on HVA Cav2.x channels based on their
significance in pain transmission and high expression level in peripheral sensory neurons.
Among them, N-type calcium (Cav2.2) channels expressed in dorsal root ganglion (DRG)
neurons (Catterall, 2011) gained significant attention with the discovery of selective inhibitors
isolated from cone snail venoms, ω-conotoxin GVIA and MVIIA. Their potent inhibition of
neuronal Cav2.2 current with IC50’s of ~ 11.2 and 6.8 nM, respectively, attenuated neuronal
excitability and were developed as an alternative analgesic to treat intractable chronic pain
(Patel et al., 2018; Schroeder et al., 2006). Notably, a distinct type of HVA calcium channel
current that was insensitive to DHPs and ω-conotoxins GVIA or MVIIA was identified in
Purkinje neurons and named P-type (Cav2.1) calcium channels. This neuronal calcium channel
was inhibited by a spider toxin, ω-agatoxin IVA (Catterall, 2011; Nimmrich & Gross, 2012).
An isoform of P-type calcium channel in cerebellar granule cells was identified and named Qtype (Cav2.1) possibly due to the difference in subunit composition or splice variants. The final
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member of Cav2 family is the R-type (residual/resistant) (Cav2.3) calcium channel which is
insensitive to DHPs or any of the peptide toxins blocking N and P/Q-type channels. T-type or
low voltage-activated calcium currents exhibit transient kinetics and are insensitive or resistant
to Cav1 and Cav2 selective agonists or antagonists (Perez-Reyes, 2003). However, given their
extensive distribution in various cell types such as neurons and muscles, they play a significant
role in controlling neuronal firing and may underlie disorders such as epilepsy and cardiac
arrhythmia (Patel et al., 2018).

1.3.2 Channel structure of neuronal VGCC
The basic architecture of voltage-gated calcium channels are heteromultimers that
include a large α1-subunit (~200kDa) involving four internal repetitive domains (I-IV) with
six transmembrane segments (S1-S6). This subunit incorporates the conduction pore and
selectivity filter for Ca2+ ions, distinct voltage-sensing domain to respond to changes in
membrane potential and gating apparatus to close or open in response to voltage changes
(Catterall, 2000; Zamponi et al., 2015). Additionally, it also contains intracellular carboxyl (C) and amino (N-) terminals and three intracellular linkers among the four domains. Functional
VGCC also have three auxiliary subunits β, γ, and α2δ each of which modifies the Ca2+ current
kinetics and voltage dependence of the channel (Fig. 1.3A) (Catterall, 2011; Dolphin, 2016).
To date, 10 genes forming the α1-subunits of VGCC have been identified (Fig. 1.3B).
Furthermore, four β-subunits (β1, β2, β3, β4) interact with the α1-subunit through the N- or Cterminal or I-II linker of the domain named α1-subunit interaction domain (AID). The II-III
linker of the domain named “synprint-motif” binds with the “SNARE” proteins e.g., syntaxin
25 and cysteine string protein (Dolphin, 2018) to modulate neurotransmission. Finally, the α2δsubunits of neuronal VGCCs have four isoforms (α2δ1, α2δ2, α2δ3, α2δ4) of which the
extracellular α2-subunit is associated with a disulfide bond to single δ1- subunit, have a
glycosylphosphatidylinositol (GPI)-anchor-ω site on C–terminal that helps anchoring and can
also modify during trafficking; they are both heavily glycosylated with the potential to
modulate VGCC current kinetics following ligand binding or modifying pore forming α1subunits protein expression (Dolphin, 2013, 2016, 2018; Dong et al., 2021; Wu et al., 2015;
Zhao et al., 2019).
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Figure 1.3: Schematic representation of molecular composition of Voltage Gated Calcium
channel. (A) The α1-subunit of VGCC composed of six transmembrane domains and repeating
four internal domains. The cytoplasmic β subunit associates with α1-subunit of the channel
through N-terminal, I-II linker/AID or C-terminal domain. Another auxiliary α2δ-subunit is
connected to each other with a disulfide bond. (B) Phylogeny of Voltage-gated Calcium
13

channel arising from 10 genes of pore forming α1-subunits. Only the membrane spanning
segments and pore regions (~350 amino acids) are compared. *Adapted from Yasuda and
Adams (2007).
1.3.3 N-type calcium current and its impact in neuropathic/inflammatory pain within DRG
The characteristic biophysical property of the current includes high activation threshold
with inactivation kinetics being voltage dependent (VD) with a combination of both fast and
slow inactivation (Dolphin, 2018). Another significant property observed is the reliance on
membrane holding potential (HP). According to Nowycky et al. (1985), all N-type currents in
chick DRG neurons were inhibited at a HP of 20 mV. Subsequently, in Xenopus oocytes, this
HP-dependent current inhibition was found to be modulated by cytoplasmic β3 subunit
component of the channel. However, interestingly, in rodent DRG neurons, the selective
Cav2.2 antagonists such as ω-conotoxins GVIA, CVID and MVIIC inhibited at least 60-70%
of the whole-cell Ca2+ current when the HP was more negative than 80mV (Patel et al., 2018;
Schroeder et al., 2006). Although some disparities appeared in extensive study of the kinetics,
voltage-dependence and pharmacology of N–type calcium channel currents, it was proposed
that modulation of this channel in DRG neurons can contribute to alleviating neuropathic and
inflammatory pain. Notably, peripheral nerve injury causes a dramatic change in N-type
calcium channel expression in DRG neurons (Tibbs et al., 2016). Furthermore, N-type calcium
channels play a critical role in regulating the release of several neurotransmitter including
substance P resulting suppression of pain signal transmission (Dolphin, 2018). An upregulation of Cav2.2 expression in nociceptive DRG neurons was observed after peripheral
nerve injury suggesting their role in synaptic transmission of pain through Aδ and C-fibres
(Tibbs et al., 2016). There have been discrepancies among different labs conducting
experiments in Cav2.2 knockout mice. For example, in vivo studies conducted by Hatakeyama
et al. (2001) and Saegusa et al. (2001) in Cav 2.2-/- knockout mice showed an increase in
nociceptive threshold for thermal stimuli compared to mechanical allodynia whereas another
study revealed normal thermal pain threshold although there was reduction in nociceptive
response to mechanical stimuli (C. Kim et al., 2001). Formalin tests in Cav2.2-/- knockout mice
displayed delayed response in phase II, proposing significance of Cav2.2 channel as a target to
alleviate inflammatory pain. Moreover, deletion of the β3 subunit of Cav2.2 channel reduced
inflammatory pain (Buraei & Yang, 2013). Preclinical studies conducted on the Cav2.2 channel
antagonist, ω-conotoxin-MVIIA (Prialt), in both rodents and humans were shown to be
effective at alleviating chronic intractable pain (Schroeder et al., 2006). An in vitro study of α14

conotoxin Vc1.1 inhibition of human Cav2.2 channels and GABAB receptor subunits expressed
in HEK293 cells by Huynh et al. (2015a), has led to renewed interest in α-conotoxin Vc1.1
suggesting a compelling therapeutic for neuropathic or inflammatory pain. Remarkably, in case
of visceral pain, as such, chronic visceral hypersensitivity (CVH) condition where analgesic
options are limited, a thought-provoking idea to target GABABR in peripheral colonic afferent
neurons by using this potent antagonist in an aim to suppress anticholinergic transmission
provided a complete new dimension of safe use of this pharmacophore to induce analgesia.
Progress was made in the studies of -conotoxin Vc1.1 inhibition of Cav2.2 in chronic visceral
pain models demonstrating that Vc1.1 ameliorated CVH at nanomolar concentration (Sadeghi
et al. (2018b) Castro et al. (2017)). These results indicate that inhibition of Cav2.2 channels
via GABABR activation is effective at alleviating chronic pain, although the molecular basis of
these differential effects remains not well understood.

1.3.4 Signal transduction of N-type calcium channel via G-protein modulation
Modulation of Cav2.2 signaling via various GPCRs is reflected in numerous studies
characterizing their signaling pathways upon ligand stimulation. In most cases, the heterodimer
Gβγ subunits couples with Cav2.2 channel upon activation of GPCRs such as the γaminobutyric acid type B (GABAB) receptor and is proposed to induce a conformational
change in the receptor structure to transduce signals inhibiting Cav2.2 channels (Rose &
Wickman, 2020; Sadeghi et al., 2017). Furthermore, this process is primarily voltagedependent (VD) as the inhibition of Cav2.2-mediated currents can be reversed by applying a
strong depolarizing pulse ~+100mV (Sadeghi et al., 2017; Zamponi & Currie, 2013). Studies
conducted by Ikeda (1996) and Herlitze et al. (1996) provided further evidence with
intracellular application of Gβγ subunits to rat DRG neurons shifting the voltage dependence
of inactivation and half-activation potential (V1/2) to more hyperpolarized potentials.
Conversely, binding of Gα subunits to the Cav2.2 channel triggers the recruitment of several
secondary messengers (PIP2, src tyrosine kinase) eliciting a signaling cascades within
milliseconds causing inhibition of N-type calcium current (Dolphin, 2003). This inhibition
cannot be reversed by applying a strong depolarizating prepulse and therefore is voltageindependent (VI). A concise signaling mechanism for N-type calcium current inhibition is
portrayed in Fig. 1.4(A & B).
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Figure 1.4: A schematic representation of VD inhibition of N-type calcium current and
their signal transduction via G-protein and GPCRs modulation. (A) (i) Voltage-dependent
inhibition of Cav2 current recorded from adrenal chromaffin cells that exhibit purinergic P2Y
auto receptor (a family member of GPCR); application of the agonist inhibits N-type calcium
channel current (red trace) which was recovered after applying a strong membrane
depolarization of ~+100mV. (ii) In whole-cell current recordings from recombinant HEK293
cells (consists of Cavα1B, Cavβ1B, Cavα2δ and Gβγ) demonstrated Gβγ subunit plays a major
role in VD inhibition of N-type calcium current that is reversible. The amplitude of this reversal
decreases as the interval between prepulse and test pulse (△) increases. *Adapted from
Zamponi and Currie (2013). (B) The mechanism of signal transduction of N-type calcium
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channel via G protein-coupled receptor; the binding site of Gβγ subunits are shown in red
square that cause inhibition of the current once they dissociate from heterotrimeric G-protein
upon ligand binding.

1.4 G protein-coupled receptors
1.4.1 Overview of G proteins and G protein-coupled receptors (GPCRs)
The association of heterotrimeric Guanine Nucleotide Binding Protein (G protein) with
membrane receptors results a conformational change in ion channels inducing an effective and
unique response in vivo. Upon ligand stimulation, GPCRs and G protein complex trigger
dissociation of this ternary G protein structure to Gα and Gβγ subunits generating a series of
distinct signaling cascades implementing desired physiological responses (Hamm 1998). There
are currently 17 Gα, 6 Gβ and 14 Gγ subunits documented, of which the Gα subunit is further
separated in four subclasses, Gαs, Gαi/Gαo, Gαq/Gα11 and Gα12/Gα13. It has been proposed that
Gαs and Gαq/Gα11 activate adenylyl cyclase (AC) and phospholipase Cβ (PLCβ) pathways,
whereas the Gαi/Gαo inhibits AC. The effect of Gβγ subunit is however diverse ranging from
phosphorylation, ion channel modulation, or recruiting AC or accessory proteins to exert
effects (Brogi et al., 2014; Tuteja, 2009).
It is intriguing to speculate the diverse and complex signaling cascades modulated by GPCRs.
In particular, integral to neuronal function, Gαq/11 subunits binding with muscarinic receptors
results in activation of KCNQ potassium channels that ultimately result in reducing neuronal
excitability. Similarly, coupling of Gαi/o with another subgroup of GPCRs, specifically
GABABR, transduce downstream effects either by potentiating GIRK K+ current or inhibiting
Cav channel currents attenuating neuroexcitability (Sadeghi et al., 2017). In parallel, their
ability to modulate receptor-ligand binding, cellular signaling or neurotransmitter trafficking
presumably employ them as an appealing therapeutic target to manipulate (Tuteja, 2009). A
key feature of GPCRs is their sensitization or desensitization that is frequent or high activation
can reduce their capacity to be stimulated and vice versa (e.g., opioid receptors) (Allouche et
al., 2014). Despite that, this present model to target GPCRs coupling to ion channel can provide
mechanistic interpretation in obtaining several desired responses including analgesia.

1.4.2 GABAB receptor structure and inhibitory neurotransmission
Inhibitory transmission in the central or peripheral nervous systems is largely mediated
by GABA and its binding to two major receptor classes: GABAA/C and GABAB (Benke, 2020).
However, the mechanism to initiate inhibitory signals is different; the GABAA receptor acts
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via a ligand-gated chloride channel, whereas GABAB operates through Gproteins and ion
channels as their effector strategy. Furthermore, they are not structurally related receptors and
vary in their amino acid sequence and topology. Interestingly, the affinity of GABAA receptors
to the drugs benzodiazepine, barbiturate and bicuculline allowed the characterization and
isolation of GABAB receptor-mediated currents that are unresponsive to these drugs (Johnston,
1996; Malcangio, 2018). Importantly, discovery of one prominent and clinically significant
compound, baclofen, has assisted in resolving controversies related to GABAB-mediated
currents (Frangaj & Fan, 2018) and directed further investigation of its modulatory pathways.
The focus of this thesis is on GABAB receptor modulation of GIRK and Cav2.2 channels.
Briefly, this seven transmembrane receptor consists of two heterodimeric subunits, GABAB1
or GABAB2, and requires both subunits to activate the G protein and signal transduction. Both
subunits contain a Venus Fly Trap (VFT) domain, of which the VFT in GABAB1 subunit is
recognized as the orthosteric ligand binding site (Malcangio, 2018). In the active state, as for
other GPCRs, this receptor augments dissociation of Gα subunit from its bound guanosine
diphosphate (GDP) for guanosine triphosphate (GTP) causes activation of both Gα-GTP and
Gβγ subunits to mediate inhibitory signal transduction cascades. The Gβγ-subunit results in
activation of GIRK channels and inhibition of Cav 2.2 channels (Benke, 2020). However, in
both recombinant expression systems and DRG neurons, some target molecule binding to this
receptor has been shown to act via PTX (pertussis toxin)-sensitive Gαi/o and PLC mediated
GPCR pathway (Malcangio, 2018). A typical inhibitory neurotransmission featuring receptor’s
primary neurotransmitter GABA and consequent outcome are characterised in Fig. 1.5.
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Figure 1.5: Representation of the GABAB1/2 receptor and its downstream effector
transducing signals through ion channels. GABA binding to VFT of GABAB1 subunit of the
receptor activates heterotrimeric G-protein. Dissociation of G-protein activates GIRK channel
(blue line) and inhibit Cav2.2 channel (red line) via Gβγ subunit. A distinct Gα subunit (Gαi/o)
also subsequently inhibit Cav2.2 channel (red line).

1.4.3 Evaluation of GABAB receptor as target for pain therapeutics
The presence of the GABAB receptor in presynaptic nerve terminals plays a unique role
at inhibiting neurotransmitter release making them a relevant target for pain therapeutics. The
extensive functional and structural analysis via FRET (Forster Resonance Energy Transfer) has
demonstrated their location in close proximity to GIRK channels (Fowler et al., 2007)
confirming presence of GABAB-GIRK macromolecular complex in attenuating the pain
signaling cascades. This has been further supported by in vivo pain model studies showing
increased pain sensitivity in GABAB knockout mice (Schuler et al., 2001). Furthermore,
GABAB receptor downregulation after peripheral nerve injury, chronic visceral inflammatory
pain or up-regulation in chemotherapy-induced neuropathy has confirmed this receptor as a
‘pain target” (Benke, 2020; Malcangio, 2018). Baclofen, the only clinically available GABAB
receptor agonist at present, manifests some major side effects including muscle weakness,
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drowsiness and tolerance limiting its effective and safe use (Benke, 2020). Given other
commercially available analgesics for treatment of chronic pain have limitations,
particularlydue to deleterious side effects, my research will focus on the GABABR as a target
to modulate pain sensation.

1.5 Conotoxins
1.5.1 Overview and biochemical features of conotoxin
For decades, it has been a challenge to develop a successful pain killer or analgesic with
few side effects; however, with improved understanding and advancement in neurophysiology,
peptide toxins obtained from the venom of cone snails, spiders and snakes have been studied
to develop more selective modulators ofion channel, receptor and transporter function. Venomderived peptides from different species of marine cone snails (also called conopeptides) are
used to immobilize their prey, have been investigated as potential analgesics (Olivera &
Teichert, 2007; Teichert et al., 2015). Venom-derived peptides have been isolated by HPLC
analysis by removing their venom duct by surgery or milking of the cone snail venom directly.
One conotoxin, is ω-conotoxin MVIIA or ziconotide (Prialt®) which was found to have
therapeutic potential and is already been approved by US Food and Drug Administration
(FDA), (Lewis et al., 2012). Compared to morphine, Prialt has 1000-fold higher potency to
induce analgesia when administered intrathecally with no tolerance development, although side
effects such as nausea, drowsiness and in some severe cases memory losses were observed.
Additionally, other conotoxins such as conantokin-G (CGX-1007), contulakin-G, GVIA,
MVIIC and SNX-185 are in the preclinical stage for the treatment of several conditions such
as epilepsy, intractable neuropathic or inflammatory pain, and cardiac arrhythmia (Lewis et al.,
2012; Sadeghi et al., 2017).
Conotoxins have complex and distinct biochemical features: cone snail venom may
contain 100-200 distinct peptide toxins. To date, > 800 known cone snail species have been
identified with an estimation of >100,000 unique conotoxins been produced by genus Conus
(Olivera et al., 2013). They are usually small disulfide rich peptides (12-30 amino acids) with
unusual diversity that comes from their posttranslational modification of amino acids (e.g., γcarboxyglutamate, hydroxyproline, D-phenylalanine). However, based on their specific
pharmacological target and cysteine residue organization they are broadly divided into two
groups: disulfide rich and non-disulfide bonded conopeptides (Fig. 1.6). They are further
distinguished by the specific membrane receptor or ion channel they target: voltage-gated ion
channels being targeted by ω-, µO, δ- or Қ- conotoxins, ligand-gated ion channels can be
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modulated by α- and σ- conotoxins, GPCRs by α-conotoxin and contulakin-G, and

neurotransmitter transporter by χ- or λ-conotoxin (Fig. 1.6) (Terlau & Olivera, 2004).

Figure 1.6: Diagram representing organization and classification of conotoxin based on
their gene sequence, disulfide framework and pharmacology. *Adapted from Terlau and
Olivera (2004).

1.5.2 Evaluation of conotoxin in pain pathway
Pain that is a highly unpleasant sensory experience that is usually associated with actual
or potential tissue or nerve damage. Pain is broadly divided into acute and chronic pain, where
controlling acute pain with non-steroidal anti-inflammatory drugs (NSAIDS) or codeine is
achievable (Lewis et al., 2012). Treatment of chronic pain is challenging due to adverse
physical effects of drugs prescribed such as opioids and subsequent psychological effects of
aberrant sensations. Painful stimuli are usually detected by nociceptors, a subpopulation of the
peripheral nerve fibers that innervate the skin, muscle or organs. They are typically located in
DRG and convert the sensory input via nociceptor, mechanoreceptor, proprioceptor etc to
electrical signals or impulses via voltage-gated ion channels which are transmitted to the brain
via synaptic and electrical transmission (Peirs et al., 2015).
Less than 0.1% of conotoxins have been pharmacologically characterized, and among
them some have already been identified with potential therapeutic effect (Table 1.4) (Lewis et
al., 2012). Potential conotoxin therapies that include GPCR modulation to transduce
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downstream effectors for pain signal are beneficial as it can avoid the adverse side effects such
as addiction or dependency. Several conotoxins target GPCRs such as GABAB, neurotensin or
vasopressin receptors which in turn modulate ion channels to produce long lasting analgesia
sometimes even with refined nerve function after the injury (Kennedy et al., 2020; Sadeghi et
al., 2017).

Table 1.4: Clinical potential and representative sequences of major conotoxin classes
defined by pharmacology.

*, C-terminal amidated, adapted from Lewis et al. (2012).

1.5.3 Conotoxin offering a compelling substitute
Conventionally high-throughput screening has selected an effective drug to be of small
molecular weight (<500 Da) as they are considered more target specific and produce less side
effects. With small molecules, it is not always possible to be precise with the targets and
therefore the larger protein-based molecules with a molecular weight of >5000 Da come to the
focus, however, rapid metabolism and intrathecal administration make them expensive to
manufacture (Teichert et al., 2015). Conotoxins often with improved selectivity for pain targets
offer a potent substitute to traditional drugs. For example, the most widely used ω-conotoxin
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(MVIIA or GVIA) as a successful pain therapeutic acts through by inhibiting the voltage-gated
calcium channel (Olivera & Teichert, 2007). Another cone snail peptide, α-conotoxin Vc1.1
isolated from the venom of from Conus victoriae has been in a preclinical trial for neuropathic
pain. Vc1.1 contains 16 amino acids with 4-7 cysteine structure that has their functional
conformation at CysI-CysIII and CysII-CysIV position similar to many other α-conotoxins
(Lewis et al., 2012). Although the affinity of Vc1.1 for rat α9α10 nAChRs was high, in
preclinical human trial its efficacy at human α9α10 nAChR was not significant. Subsequently
it became of interest to the Adams lab at UQ and a study conducted by Callaghan et al. (2008)
identified that Vc1.1 inhibited HVA calcium channels via GABAB receptor activation in rat
DRG neuron with an IC50 of 2.4 nM compared to 64 nM for inhibition of rat α9α10 nAChR
(Nevin et al., 2007) . Another study by Huynh et al. (2015) reconstituted human GABABRCav2.2 in HEK293 cells demonstrating the efficacy of Vc1.1 to be higher compared to the
GABABR agonist, baclofen. Therefore, the search for highly selective conotoxins targeting
specific ion channels or receptor subtypes are imperative and can have potential therapeutic
effect to treat neurological disorders including epilepsy and chronic pain.

1.6 Objectives
The importance of conotoxins and their significance in modulation of ion channels is
evident, especially in treatment of chronic pain as well as the inflammatory process. Although
the mechanism of action of some conotoxins has been determined, there remains a lack of
understanding as to how conotoxins initiate many of their synergistic or antagonistic effects by
interacting different ion channels and receptors. This is evident when aberrant effects of
neuronal excitability (e.g. ectopic nerve firing) can be stabilized by application of certain
conotoxins and how this regulation occurs. In addition, the current therapies based on block of
ion channels by conotoxins has proven effective with less severe side effects. Role of G proteincoupled receptors and associated ion channels are an emerging field of pain therapeutics.
Therefore, the G protein-coupled GABAB receptor which is fundamental to inhibitory
neurotransmission, provides by coupling to several ion channels. To date, -conotoxin Vc1.1,
has been shown to inhibit 910 nAChRs and Cav2.2/Cav2.3 channels coupled to GABABR
in rodent sensory neurons. However, the higher IC50 obtained for inhibition of human 910
nAChRs led to termination of a phase II clinical trial (Metabolic Discontinues ACV1 Trial,
2007). Thus, further screening was required to find the unanswered and determine if the peptide
has any alternative target to act on. Overall, my aim was to find a current generation of
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“effective” pharmacophore that targets GABABR to address unmet clinical needs in pain
management avoiding severe adverse effects and desensitization deliberate to opioid receptors.
Therefore, the first objective (Chapter two) of this study was to reconstitute and
characterize the Vc1.1 conotoxin signaling pathway in HEK293 cells expressing the human
GABAB receptor and GIRK channel. The mode of GIRK channel activation upon interaction
with

ligands

and

G

protein

was

extensively

studied

using

electrophysiology,

immunocytochemistry and in vivo analysis by using adult mouse DRGs. Moreover, this study
sought to resolve the controversy of GIRK channel functional expression in mouse DRG
neurons. A further comparative analysis to investigate the relative contribution of GIRK and
Cav channels to baclofen and Vc1.1 suppression of neuronal excitability was carried out using
known antagonists of Cav2.2 and GIRK channels
The second objective (Chapter three) was to determine, if αO-conotoxin GeXIVA
which was reported to potently inhibit α9α10 nAChRs and exhibit analgesic activity in animal
pain models (Luo et al., 2015) can modulate the GIRK-G protein-GABABR macromolecular
complex in recombinant and native cells using electrophysiological techniques. The activity of
the three isomers of GeXIVA (globular, ribbon and bead) was investigated at GABABR
inhibiting HVA N-type calcium (Cav2.2) channels and GABABR potentiating GIRK channel
currents. Furthermore, the effect of GeXIVA isomers on the passive and active electrical
properties of small to medium diameter adult mouse DRG neurons was assessed.
The third objective (Chapter four) was to identify and investigate structure-activity
relationships of a truncated version of α-conotoxin Vc1.1 originated from “loop” 1 of the fulllength peptide, named Vc1.1(1-8). A series of mutants of Vc1.1(1-8) were screened at
GABABR-coupled GIRK and Cav channels in order to distinguish target specific residues for
a peptide that has multiple effectors and generate a novel pharmacophore that is fast acting and
potent.
The last objective (Chapter five) was to functionally analyze three novel recombinant
and chemically synthesized peptides, designed utilizing “globular” and “cyclic” version of conotoxin Vc1.1 as a template. GABABR-coupled Cav2.2 channels expressed in HEK293 cells
together with whole-cell patch clamp recording was used for functional characterization. The
functionality of these peptides was further verified in adult mouse DRG neurons using the
whole-cell patch clamp technique.
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Chapter 2: Analgesic α-conotoxins modulate native and recombinant
GIRK1/2

channels

via

GABAB

receptor

activation

and

reduce

neuroexcitability.
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2.1 Abstract
Background and Purpose: Activation of GIRK channels via G protein-coupled GABAB
receptors (GABABR) has been shown to attenuate nociceptive transmission. Analgesic αconotoxin Vc1.1 has been shown to activate GABABR resulting in inhibition of Cav2.2 and
Cav2.3 channels in mammalian primary afferent neurons. Here, we investigated the effects of
analgesic α-conotoxins on recombinant and native GIRK-mediated K+ currents and on
neuronal excitability.
Experimental Approach: The analgesic -conotoxins were investigated on inwardlyrectifying K+ currents in HEK293T cells recombinantly co-expressing either heteromeric
human GIRK1/2 or homomeric GIRK2 subunits, and GABAB receptors. The effects of αconotoxin Vc1.1 and baclofen were studied on GIRK-mediated K+ currents and the passive and
active electrical properties of adult mouse dorsal root ganglion neurons.
Key Results: Analgesic α-conotoxins Vc1.1, RgIA and PeIA potentiate inwardly-rectifying
K+ currents in HEK293T cells recombinantly expressing human GIRK1/2 channels and
GABABR. GABABR-dependent GIRK channel potentiation by Vc1.1 and baclofen occurs via
a pertussis toxin-sensitive G protein and is inhibited by the selective GABABR antagonist CGP
55845. In adult mouse dorsal root ganglion neurons, GABABR-dependent GIRK channel
potentiation by Vc1.1 and baclofen hyperpolarize the cell membrane potential and reduces
neuroexcitability.
Conclusions and Implications: This is the first report of GIRK channel potentiation via
allosteric α-conotoxin Vc1.1 GABABR agonism leading to decreased neuronal excitability
thus, potentially contributing to the analgesic effects of Vc1.1 and baclofen observed in vivo.
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2.2 Introduction
Current pharmacotherapies available for the treatment of neuropathic and chronic pain include
opioids and anti-depressants, both of which are frequently associated with severe adverse
effects (Costigan et al., 2009; Finnerup et al., 2021), underscoring the need for alternative
therapies. Several venom-derived peptides have been shown to selectively target
neurotransmitter receptors and ion channels in nociceptive pathways. In particular, a number
of relatively small disulfide-rich peptides isolated from marine cone snails called conotoxins
exhibit anti-nociceptive activity (Hone et al., 2018; Kennedy et al., 2020; Knapp et al., 2012;
Sadeghi et al., 2017). -Conotoxin MVIIA inhibition of neuronal high voltage-activated
(HVA) N-type (Cav2.2) calcium channels, is the mechanism of action of the FDA approved
drug Prialt (Ziconotide), currently used for the treatment of intractable pain (Wermeling,
2005). However, off-target effects and the requirement for intrathecal administration restrict
its applications.
α-Conotoxins are primarily recognised as muscle and neuronal nicotinic acetylcholine
receptor (nAChR) antagonists (Abraham & Lewis, 2018; Lebbe et al., 2014). Yet, α-conotoxins
active at α9α10 nAChRs also inhibit neuronal calcium (Cav) channels via activation of G
protein-coupled γ-aminobutyric acid type B receptors (GABABRs) (Adams et al., 2012;
Callaghan et al., 2008; Cuny et al., 2012; Daly et al., 2011). α-Conotoxin Vc1.1 from the venom
of Conus victoriae was shown to antagonize α9α10 nAChRs (Nevin et al., 2007; Vincler et al.,
2006) and to activate GABABRs resulting in inhibition of Cav2.2 (N-type) and Cav2.3 (R-type)
channels in mammalian primary afferent neurons (Berecki et al., 2014; Callaghan et al., 2008;
Sadeghi et al., 2017). In α9 knockout mice and rodent models of neuropathic and chronic
visceral pain, Vc1.1 and its analogues, exhibit anti-nociceptive activity via GABABR-mediated
inhibition of Cav2.2 and Cav2.3 channels (Callaghan & Adams, 2010; Castro et al., 2018;
Mohammadi & Christie, 2014). Selective GABABR antagonists, and Gαi/o inhibitors such as
pertussis toxin (PTX), GDP-β-S, and G protein β scavengers, all attenuate α-conotoxin
inhibition of Cav2.2 and Cav2.3 channels. In HEK293 cells co-expressing Cav2.2 and
GABABR where the GABA/baclofen binding sites were neutralized, Vc1.1 remains able to
inhibit Ca2+ currents suggesting that it acts as an allosteric GABABR agonist (Huynh et al.,
2015a). The cyclized Vc1.1 analogue, cVc1.1, is >8,000-fold more potent inhibiting GABABRdependent HVA calcium channels than α9α10 nAChRs highlighting the role of GABABR in
its anti-nociceptive actions (Castro et al., 2018; Clark et al., 2010; Sadeghi et al., 2018a).
GABABRs functionally couple to GIRK channels to attenuate nociceptive transmission
(Blednov et al., 2003) analogous to the analgesic effects observed by direct activation of GIRK
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channels (Lujan et al., 2014) or upon agonist activation of µ-opioid, α2 adrenergic, muscarinic
and cannabinoid receptors (Blednov et al., 2003; Mitrovic et al., 2003; Nagi & Pineyro, 2014;
Yudin & Rohacs, 2018). GIRK channels are tetrameric assemblies of up to four isoforms,
GIRK1, GIRK2, GIRK3 and GIRK4, of which only GIRK2 and GIRK4 subunits can form
functional homotetramers whereas GIRK1 and GIRK3 are obligatory heterotetramers,
requiring other GIRK subunits to enable trafficking to the plasma membrane (Lujan & Aguado,
2015; Lujan et al., 2014). All GIRK isoforms, but particularly GIRK1 and GIRK2, are
expressed in mammalian sensory neurons where they may couple with G protein-coupled
receptors (GPCRs) including GABABR (Gao et al., 2007; Jeremic et al., 2021; Kanjhan et al.,
2005; Lyu et al., 2015; Marker et al., 2004). Direct binding of the G protein (Gi/o) Gβγ subunit
to the GIRK channel has been shown to activate and modulate the inhibitory actions of several
neurotransmitters (Hibino et al., 2010; Luscher & Slesinger, 2010). Independent of GPCR
activation, a number of clinically active compounds targeting GIRK channels have been
described to modulate diverse pathological processes (Luscher & Slesinger, 2010; Wydeven et
al., 2014). For example, the GIRK channel opener VU046655 exhibits anti-nociceptive activity
implicating GIRK-mediated activity in analgesia (Abney et al., 2019).
In the present study, we investigated the effect of the analgesic -conotoxins Vc1.1,
RgIA, and PeIA on recombinant and native GIRK-mediated K+ currents and their effects on
neuronal excitability. These conopeptides potentiated heteromeric GIRK1/2 and homomeric
GIRK2 channels when co-expressed with human GABABR in HEK293T cells and supressed
excitability in adult mouse dorsal root ganglion (DRG) neurons. An account of the results has
been presented as a preprint (Bony et al., 2020b).

2.3 Methods
2.3.1 Compliance with requirements for studies using animals
All animal procedures were conducted in accordance with the University of Wollongong
Animal Ethics Committee (AEC) guidelines and regulations under protocol (AE16/10 and
AE16/10r19). AEC guidelines comply with the ‘Australian code of practice for the care and
use of animals for scientific purposes’, the ARRIVE guidelines on reporting experiments
involving animals (Percie du Sert et al., 2020). Adult male C57BL/6 mice (8-10 weeks old)
were purchased from Australian BioResources (Moss Vale, NSW, Australia) and housed in
individually ventilated cages with a 12 h light/dark cycle; food pellets and water were available
ad libitum.
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2.3.2 Cell culture, transfection and DNA constructs
HEK293T cells expressing the SV40 large T antigen (ATCC® CRL-3216, Manassas, VA USA)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, ThermoFisher Scientific,
Scoresby, VIC, Australia), supplemented with 10% heat inactivated foetal bovine serum (FBS,
Bovigen, Keilor East, VIC, Australia), 1% penicillin and streptomycin (Pen/Strep), and 1%
GlutaMAX supplement (ThermoFisher Scientific). Cells were kept in a humidified incubator
at 37C/5% CO2 and were passaged at ~80% confluence following standard protocols.
HEK293T cells were transiently co-transfected with DNA plasmids encoding human GIRK1
(KCNJ3, Kir3.1) and GIRK2 (KCNJ6, Kir3.2) or GIRK2 alone in pcDNA3 (kindly provided
by Dr Paul Slesinger, Mt Sinai, New York, NY, USA) and human GABA BR1 and GABABR2
subunits (OriGene Technologies, Inc., Rockville, MD, USA) or the human muscarinic
acetylcholine receptor M2 (CHRM2; kindly provided by Dr Arthur Christopoulos, Monash
University, Melbourne, VIC, Australia) using Lipofectamine 2000 (ThermoFisher Scientific).
Cells were seeded in 12-well plates the day before transfection and transfected with 2 g of
GIRK DNAs plus 0.2 g of green fluorescent protein (GFP) according to the manufacturer’s
protocol. Transfected cells were plated onto 12 mm glass coverslips 48-72 hrs after transfection
for subsequent patch clamp studies.

2.3.3 Whole-cell patch clamp recording of HEK293T cells
Transiently transfected HEK293T cells were recorded 48-72 hrs post transfection using wholecell patch clamp electrophysiology. An external “high K+” bath solution was used record GIRK
K+ currents containing (in mM): 120 NaCl, 20 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 10
Glucose, pH 7.4 adjusted with NaOH (~320 mOsmol.kg-1). Borosilicate glass electrodes
(World Precision Instruments, Sarasota, FL USA) had resistances of 3-5 M when filled with
internal solution containing (in mM): 130 KCl, 20 NaCl, 5 EGTA (ethylene glycol-bis(βaminoethyl ether)-N,N,N′,N′-tetra acetic acid), 5.46 MgCl2, 10 HEPES, 5 MgATP, 0.2 NaGTP, pH 7.2 adjusted with KOH (~300 mOsmol.kg-1). Membrane currents were recorded using
a MultiClamp 700B amplifier and digitized with a Digidata 1440A (Molecular Devices, San
Jose, CA, USA). The series resistance was kept <10 M and the cell capacitance compensated
by ≥80%. Membrane currents were sampled at 10 kHz and filtered at 1 kHz. GIRK K+ currents
were recorded using a voltage ramp protocol from 100 mV to +40 mV from a holding
potential of 40 mV, at a frequency of 0.1 Hz. Modulation of GIRK K+ currents by various
compounds was measured at 100 mV at room temperature (RT; 21-23C).
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2.3.4 Isolation and culture of mouse dorsal root ganglion (DRG) neurons
Mice were euthanized by isoflurane inhalation followed by rapid decapitation. The thoracic
and lumbar DRG regions were exposed by laminectomy. DRGs were harvested and transferred
to ice cold (4C) Hanks Buffered Saline Solution (HBSS), free of Ca2+ and Mg2+. DRGs were
trimmed, removing central and peripheral nerve processes, and digested in HBSS containing
collagenase type II (3 mg.ml-1; Worthington Biomedical Corp., Lakewood, NJ, USA) and
dispase (4 mg.ml-1; GIBCO, Australia) at 37C for 40 min. The ganglia were rinsed three to
four times with 37oC/5% CO2-equilibrated F-12/GlutaMAX™ (Invitrogen) supplemented with
10% heat-inactivated FBS (GIBCO, ThermoFisher Scientific) and 1% Pen/Strep. Cells were
dispersed by mechanical trituration with progressively smaller fire-polished glass Pasteur
pipettes. The cell suspension was sieved through a 160 m nylon mesh (Millipore Australia
Pty Ltd, North Ryde, NSW Australia) to remove undigested material. The dissociated DRG
neurons were plated onto poly-D-lysine coated 12 mm cover glass (Sigma-Aldrich, Australia),
allowed to settle for ~3 hrs at 37C, supplemented with fresh media, and incubated overnight
before patch clamp recordings.
2.3.5 Current and voltage clamp recording of native GIRK currents
Current clamp recordings of DRG neurons were carried out within 24 hrs of dissociation in a
bath solution containing (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 10
Glucose, pH 7.4 adjusted with NaOH (~320 mOsmol.kg-1). Borosilicate fire polished patch
pipettes (World Precision Instruments) had resistances of 2-4 M when filled with an internal
solution containing (in mM): 130 KCl, 20 NaCl, 5 EGTA (ethylene glycol-bis(β-aminoethyl
ether)-N,N,N′,N′-tetraacetic acid), 5.46 MgCl2, 10 HEPES, 5 Mg-ATP, 0.2 Na-GTP, pH 7.2
adjusted with KOH (~300 mOsmol.kg-1). Whole-cell configuration was obtained under voltage
clamp mode before proceeding to current clamp. Small, 500 ms duration, depolarizing current
steps (at 0.2 Hz) were used to elicit action potential firing in small to medium diameter (<30
m) DRG neurons that had a resting membrane potential (RMP) more negative than 40 mV.
Voltage clamped whole-cell inwardly rectifying K+ currents were recorded from isolated DRG
neurons superfused with high K+ extracellular solution containing (in mM): 120 NaCl, 20 KCl,
2 CaCl2, 1 MgCl2, 10 HEPES and 10 Glucose, pH 7.4 adjusted with NaOH (~320 mOsmol. kg1

). Patch pipettes were filled with the same intracellular solution as above. Membrane currents

were elicited by the same voltage protocol used for HEK293 cells (ramp from 100 mV to +40
mV, at 0.1 Hz, from a holding potential of 40 mV). Recordings were electronically
compensated for cell capacitance and series resistance to ~80%.
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Modulation of GIRK K+ currents by bath application of various compounds was measured at
100 mV. Solutions were superfused using a peristaltic pump at an exchange speed of 1
ml.min1 in a ~500 µl experimental chamber at room temperature (21-23C).
2.3.6 Immunocytochemistry and confocal microscopy
Dissociated DRG neurons plated on poly-D-lysine coated glass coverslips were washed twice
with HBSS and fixed for 15 min with Zamboni’s solution containing 1.6% formaldehyde
(Australian Biostain Pty Ltd., Traralgon, VIC, Australia). Cells were permeabilized with 0.1%
Triton X-100 for 10 min. Non-specific antibody binding was reduced by incubating the cells
for 1 h in HBSS-based blocking solution containing 5% goat serum, 5% bovine serum albumin
and 0.1% Triton X-100. The same blocking solution was used to dilute antibodies to the
working concentration and for all wash steps. For DRG neuron double staining of GIRK1 and
GIRK2 channels, anti-rabbit polyclonal GIRK1 (1:100 dilution) and anti-guinea pig polyclonal
GIRK2 (1:100 dilution) antibodies were added simultaneously and incubated overnight at 4C.
Following three 5-min washes, cells were incubated with donkey anti-rabbit IgG (Alexa
Fluor 647, 1:500) secondary antibody for 1 h, in the dark, at room temperature (RT), thrice
washed and followed by addition of goat anti-guinea pig IgG (Alexa Fluor 488, 1:500) and
incubated in the dark for 1 h at RT. For GIRK2 and GABABR2 double staining, cells were
incubated in a mixture of the primary antibodies rabbit polyclonal GIRK2 (1:100) and rabbit
monoclonal GABABR2 (1:400) at 4oC overnight, washed and followed by sequential
incubations with donkey anti-rabbit IgG (Alexa Fluor 488, 1:500; 1 h, RT), wash and donkey
anti-rabbit IgG (Alexa Fluor 647, 1:500; 1 h, RT). Antibodies were probed against
recombinant subunits expressed in HEK293 cells. Negative controls were carried out by
omitting the primary antibodies in experiments on transfected HEK293T cells and including
the primary antibodies in experiments on non-transfected HEK293T cells. Similarly, negative
controls omitting the primary antibodies were included in experiments on mouse DRG neurons.
Covers were counterstained with DAPI (1:5000, 5 min, RT), mounted (Dako North America
Inc., Carpinteria, CA, USA), sealed and stored at 4oC. Slides were imaged in a confocal
microscope (Leica SP8, Leica Microsystems Pty Ltd., Macquarie Park, NSW, Australia) using
the 40x oil immersion objective. Images were analysed using ImageJ (NIH Bethesda, MD,
USA) and LAS X softwares (Leica Microsystems).
2.3.7 Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and
analysis in pharmacology (Curtis et al., 2018). Inward rectifying K+ currents (IKir) were
31

analysed by measuring the steady-state current in high K+ solution designated basal IKir
(ICONTROL, ICTR), peak potentiation by compounds (ICOMP) and IKir density (pA/pF) determined
by dividing peak current amplitude by cell capacitance (Cm). The Ba2+-sensitive K+ current
(IK(Ba)) amplitude was assessed upon exposure to 1 mM Ba2+ (in high K+ bath solution) and
subtracting the current before and after application of pharmacological compounds according
to:
Basal IKir density (Ibasal , pA/pF) = (𝐼𝐾 − I𝐾(𝐵𝑎) )/Cm

(1)

Compound IKir density (Icomp , pA/pF) = (I𝐾 − I𝐾(𝐵𝑎) )/Cm

(2)

IKir density (pA/pF) = (Icomp − Ibasal )/Cm

(3)

In mouse DRG neurons, tertiapin-Q was used instead of Ba2+ to determine basal and compound
IKir densities. The concentration-response relationship for Vc1.1 was determined using
equation (3) from 5-7 individual experiments for each concentration tested and fitted with a
Hill equation according to:
IKir density (pA/pF) =

[comp]n × IKir density max
[EC50 ]n + [comp]n

(4)

where n is the Hill coefficient, IKir max is the maximal IKir density, [comp] is the applied
compound concentration, and EC50 is the half-maximal response.
DRG neurons with RMP more negative than 40 mV were included in the analysis. The wholecell input resistance (Ri) was measured in the absence and presence of various modulators by
calculating the slope of the linear fit of hyperpolarizing responses to current steps from 5 to
40 pA, in 5 pA increments. The firing threshold, rheobase (1x Rheo), was determined as the
current necessary to evoke an action potential from a series of depolarizing current steps (5 pA
increments, 500 ms). The number of action potentials (AP#) was counted at a current injection
equivalent to twice rheobase current (2x Rheo) in both the absence (control) and presence of
modulators or pharmacological agents.
Data analysis was performed with Clampfit 10.7 (Molecular Devices, San Jose, CA, USA) and
Prism 7 (GraphPad Software, San Diego, CA, USA) software. Data obtained from cells in
which seal resistance dropped below 1 GΩ, access resistance increased over 3 times the value
of the pipette resistance, and/or the holding current was larger than 5% of the total whole-cell
current, was discarded and therefore does not figure in the statistical analyses presented. Under
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current clamp, only DRG neurons with a resting membrane potential more negative than 40
mV were included in the analysis.
The homogeneity of non-paired data variance was determined by Levene’s test and the null
hypothesis accepted when P > 0.05. Paired and unpaired data sets underwent Shapiro-Wilk
normality (when n ≥ 5) or D’Agostino-Pearson (when n ≥ 8) to verify if samples were normally
distributed in order to determine downstream statistical analysis as parametric or
nonparametric. Subsequently, statistical significance of paired/nonparametric data was
determined by Wilcoxon matched-pairs signed rank test whereas paired/parametric was
analysed by t-test. All unpaired data sets were deemed parametric and therefore comparison
between two groups was performed by student’s t-test whilst one-way ANOVA was used to
compare across >3 groups. In the latter test, F value significance (P < 0.05) and variance
homogeneity (P > 0.05) supported the implementation of post hoc Dunnett’s test for multiple
group comparisons.
Furthermore, maximal drug effects (peptides and small molecules) were determined
upon their first exposure to a cell (first drug application). Peptide actions on GABABR were
validated by subsequent application of baclofen (selective GABABR agonist) to the same cell
(this subsequent application of baclofen was not used in the quantification of IKir potentiation
by baclofen as this was also quantified in the same manner as other drugs or treatment
compounds). Notably, in most cases both control and target drug were tested in the same cell.
Neurons that had the same values for RMP, Ri, rheobase or AP# are shown only once in paired
t-test scatter plots, however, the number of independent experiments for each condition is
presented in parentheses. All results are presented as mean ± SD and n, number of cells.
Differences were regarded statistically significant when * P < 0.05. The study of compounds
on transfected HEK293 cells and mouse DRG neurons was not blinded. Patch clamp recordings
were obtained from GFP(+ve) HEK293T cells, and mouse DRG neurons with a cell diameter
< 30 µm.
2.3.8 Materials
Primary rabbit anti-GIRK1 (#APC-005), guinea-pig anti-GIRK2 (#AGP-013) and rabbit antiGIRK2 (#APC-006) polyclonal antibodies were purchased from Alomone Labs (Jerusalem,
Israel). The rabbit anti-GABABR2 (ab75838) monoclonal antibody and conjugated secondary
antibodies donkey anti-rabbit IgG Alexa Fluor 647 (ab150075), goat anti-guinea pig IgG Alexa
Fluor 488 (ab150185) and donkey anti-rabbit IgG Alexa Fluor 488 (ab150073) were from
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Abcam (Cambridge, MA, USA). DAPI (4′,6-diamidino-2-phenylindole; Sigma-Aldrich, North
Ryde, NSW, Australia) was used for nuclear staining.
α-Conotoxins Vc1.1, Rg1A, PeIA, and ImI were synthesized as described previously
(Callaghan et al., 2008; Daly et al., 2011; Nevin et al., 2007) and kindly provided by Dr
Richard Clark (The University of Queensland, QLD, Australia). In a series of experiments,
Vc1.1 was reduced (Vc1.1RA) with 1 mM dithiothreitol (DTT). Acetylcholine chloride (ACh),
(±)-β-(Aminomethyl)-4-chlorobenzenepropanoic

acid

(Baclofen),

-aminobutyric

acid

(GABA), guanosine 5'-[β-thio]diphosphate trilithium salt (GDP-β-S), guanosine 5′-[γthio]triphosphate tetralithium salt (GTP--S) and pertussis toxin (PTX) were purchased from
Sigma-Aldrich

(St.

Louis,

MO,

USA),

CGP

55845

Dichlorophenyl)ethyl]amino-2-hydroxypropyl](phenylmethyl)

((2S)-3-[[(1S)-1-(3,4phosphinic

acid

hydrochloride) and the GRK2 inhibitory polypeptide, GRK2i, were purchased from Tocris
Bioscience (Bristol, UK). Tertiapin-Q, a potent inhibitor of inward rectifier K+ (Kir) channels,
was purchased from Abcam (Cambridge, UK). All drugs were dissolved in distilled H 2O to
prepare to their appropriate stock concentration other than CGP 55845, which was dissolved
in DMSO. Compounds were diluted in extracellular high K+ (20 mM). The final concentration
of DMSO did not exceed 0.01%.
2.3.9 Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in the
IUPHAR/BPS Guide to PHARMACOLOGY http://www.guidetopharmacology.org and are
permanently archived in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,
Christopoulos, et al., 2019; Alexander, Mathie, et al., 2019).

2.4 Results
2.4.1 Analgesic -conotoxins potentiate GIRK1/2 channel-mediated K+ currents via
GABABR activation
The effect of -conotoxin Vc1.1 on GIRK1/2 channels was investigated in HEK293T cells
transiently transfected with human GIRK1, GIRK2, GABABR1 and GABABR2
subunits. Recombinant whole-cell inwardly rectifying K+ current (IKir) were measured in the
presence of 20 mM extracellular K+ at 100 mV. Under this experimental condition, HEK293T
cells expressing GIRK1/2 and GABABR displayed a basal IKir density of 55.7 ± 28.3 pA/pF (n
= 17) that was reversibly reduced by ~75% to 18.9 ± 16.5 pA/pF (n = 17; P < 0.05) upon bath
application of 1 mM Ba2+, which effectively blocks most Kir channels (Hibino et al., 2010).
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The reduction in IKir density by 1 mM Ba2+ (IK  IK(Ba)) we refer to as basal IKir (see equation 1
in Methods). Whole-cell IKir were reversibly potentiated by 1.5 ± 0.3 fold and 3.2 ± 1.6 fold
upon bath application of 1 μM Vc1.1 (IKir = 28.3 ± 5.0 pA/pF, n = 8) and 100 μM baclofen
(IKir = 68.4 ± 13.3 pA/pF, n = 9), respectively (Fig. 2.1A, B & H, Table 2.1) whereas 1 mM
Ba2+ inhibited the basal IKir and its potentiation by Vc1.1 and baclofen.
The effect of -conotoxin Vc1.1 was also studied on cells co-transfected with GIRK2
channels and GABABRs. The homotetrameric GIRK2-mediated IKir density recorded at 100
mV in HEK293T cells was 17.3 ± 15.1 pA/pF (n = 12) which was reversibly inhibited by >63%
in the presence of 1 mM Ba2+ (n = 12; P < 0.05). Vc1.1 (1 µM) and baclofen (100 µM) also
potentiated GIRK2-mediated IKir by 1.9 ± 0.4 fold and 2.3 ± 0.8 fold (IKir = 9.8 ± 2.2 pA/pF,
n = 6 and 27.6 ± 7.0 pA/pF, n = 6, respectively) (Figure 1E, F & H, Table 1). The potentiation
observed in cells co-transfected with GABABR and either GIRK1/2 or GIRK2 by both Vc1.1
and baclofen was similar despite the slight variance in basal current densities. This may be due
to the level of GABABR expression or coupling of GABABR to the GIRK channel for the
following reasons: 1) the extent of activation by agonist is inversely related to Ibasal /GIRK basal
current (Yakubovich et al., 2015), 2) based on collision coupling proposed by Kahanovitch et
al. (2017), increased GABABR expression reduced basal GIRK current activity, and 3) some
protein complex family, such as the GTPase activating protein RGS2 and the guanine
dissociation inhibitor proteins like LGN, affect/reduce GIRK basal activities in G protein
signalling cascade when channels coupled to metabotropic receptors are coupled to Gi or Go,
but not Gs (Wiser et al., 2006). In contrast, non-transfected HEK293T cells exhibited an
endogenous IKir density of 1.5 ± 0.4 pA/pF (n = 6) consistent with that reported previously
(Ämmälä et al., 1996) (Fig. 2.1E, F & H).
Other -conotoxins active at 910 nAChRs including RgIA and PeIA potently inhibit
HVA calcium channels via GABABR activation (Berecki et al., 2014; Callaghan et al., 2008;
Daly et al., 2011) and therefore were also tested on IKir mediated by recombinant GIRK1/2GABABR. Bath application of 1 µM α-conotoxins RgIA and PeIA reversibly potentiated the
GIRK1/2-mediated IKir increasing the current density by 1.8 ± 0.6 fold and 1.4 ± 0.3 fold,
respectively (IKir = 26.0 ± 12.3 pA/pF, n = 8 and IKir = 22.4 ± 11.6 pA/pF, n = 8, respectively)
(Fig. 2.1H, Table 2.1). In contrast, application of the 7 nAChR antagonist, -conotoxin ImI
(1 µM), failed to potentiate IKir (n = 5) compared to Vc1.1 tested in the same cells (Fig. 2.2E,
F & G). Furthermore, reduction of Vc1.1 (Vc1.1RA) with dithiothreitol (DTT; 1 mM) rendered
the peptide incapable of potentiating GIRK1/2-mediated IKir (n = 6; Fig. 2.2C, D & G).
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Vc1.1 potently potentiated GABABR-coupled GIRK1/2 channels with an EC50 of 197.2
± 86.3 nM (nH = 1.1 ± 0.5; n = 5-7 per concentration) determined from the concentrationresponse relationship displayed in Fig. 2.1G. Notably, the concentration of Vc1.1 to potentiate
GABABR-GIRK1/2 K+ currents is ~100-fold higher than that required for Vc1.1 inhibition of
rodent DRG neuron GABABR-HVA Ca2+ currents (Callaghan et al., 2008) and recombinant
human GABABR-Cav2.2 expressed in HEK293 cells(Callaghan et al., 2008; Huynh et al.,
2015a).

Figure 2.1. α-Conotoxin Vc1.1 modulation of heteromeric GIRK1,2 and homomeric
GIRK2 channels require GABABR. (A, C) Representative K+ currents recorded from
GIRK1/2 channels co-expressed either with GABABR (A) or alone (C) in response to a 50 ms
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voltage ramp protocol (100 to +40 mV; see inset) applied at 0.1 Hz from a holding potential
of 40 mV in the absence (control) and presence of 1 μM Vc1.1 (blue), 100 μM baclofen (Bac,
red) or 1 mM Ba2+ (grey). (B, D) Corresponding diary plots of K+ current amplitude at 100
mV as a function of time in cells expressing GIRK1/2 channels and GABABR (B) and GIRK1/2
channels alone (D). Responses to sequential bath application of Vc1.1 (blue), baclofen (red),
and Ba2+ (grey) are indicated by the bars above. (E) Vc1.1 potentiates also homomeric GIRK2
channel when co-expressed with GABABR. Representative human GIRK2-mediated K+
currents obtained in the absence (Control, black), and presence of 1 µM Vc1.1 (blue), 100 µM
baclofen (red) or 1 mM Ba2+ (grey). (F) Corresponding diary plot to (E) showing peak K+
current amplitude at 100 mV as a function of time in response to bath application of Vc1.1
(blue), baclofen (red) or Ba2+ (grey). (G) -Conotoxin Vc1.1 concentration-response
relationship obtained for potentiation of GIRK1/2 co-expressed with GABABR in HEK293T
cells. Dashed line represents the EC50 for Vc1.1 potentiation of IKir. (H) Bar graph of IKir
density (pA/pF) at 100 mV in response to 100 μM baclofen (red), 100 μM GABA (orange),
1 μM Vc1.1 (blue), 1 µM RgIA (purple) and 1 µM PeIA (yellow) recorded from cells
expressing either heteromeric GIRK1/2 (solid) or homomeric GIRK2 (hashed) co-expressed
with GABABR. Neither Vc1.1 nor baclofen potentiates K+ currents in cells expressing
GIRK1/2 alone. The vertical dotted line (40 pA/pF) is for reference. Data represent mean ± SD
(* P < 0.05) and the number of experiments is given in parentheses.
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Table 2.1. Summary of GIRK-mediated K+ current potentiation (IKir) at 100 mV by
baclofen, GABA, and α-conotoxins Vc1.1. RgIA, PeIA and ImI in HEK293T cells coexpressing human GABABR and either GIRK1/2 or GIRK2 channels, and mouse DRG
neurons.

Modulator

Recombinant

Native

(HEK293T)

(DRG)

GIRK1/2

Fold

GIRK2

Fold

GIRK current Fold

(IKir,

change

(IKir

change

density (IKir, change

pA/pF)

(IKir)

pA/pF)

(IKir)

pA/pF)

(IKir)

Baclofen

68.4 ± 13.3

3.2 ± 1.6

27.5 ± 7.0 2.3 ± 0.8

25.8 ± 15.4

4.5 ± 3.0

(100 µM)

(9)

(6)

(15)

GABA

51.1 ± 19.9 1.8 ± 0.6

-

-

-

-

(100 µM)

(9)

Vc1.1

28.3 ± 5.0 1.5 ± 0.3

9.8 ± 2.2

1.9 ± 0.4

19.4 ± 11.2

2.0 ± 0.9

(1 µM)

(8)

(6)

RgIA

26.0 ± 12.3 1.8 ± 0.6

-

-

-

-

(1 µM)

(8)

PeIA

22.4 ± 11.6 1.4 ± 0.3

-

-

-

-

(1 µM)

(8)

ImI

1.1 ± 0.3

-

-

-

-

(1 µM)

(5)

1.0 ± 0.0

,

(15)

Fold change (IKir) represents IKir potentiation by each modulator relative to the basal IKir in
high K+ (following equation 3 in our method section). Current density (pA/pF) represent the
mean ± SD; number of experiments is given in parentheses. Fold change of 1.0 represents no
increase.
2.4.2 Vc1.1 potentiation of GIRK1/2 currents depend on GABABR
The involvement of GABABR in the potentiation of GIRK1/2 and GIRK2 K+ currents by
analgesic -conotoxins and baclofen was assessed in three different ways. First, we determined
Vc1.1 and baclofen effects on HEK293T cells expressing GIRK1/2 alone (i.e. the absence of
GABABR), second by inhibiting GABABR activation using its selective antagonist, CGP 55845
on cells co-expressing GIRK1/2 and GABABR, and third by investigating the effect of Vc1.1
on HEK293T cells co-expressing GIRK1/2 together with the muscarinic acetylcholine receptor
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M2. In the absence of GABABR expression, we observed that neither Vc1.1 nor baclofen
potentiated GIRK1/2-mediated IKir (n = 5; Fig. 2.1C, D & H). Bath application of CGP 55845
(1 µM) robustly and reversibly antagonized the potentiation of GIRK1/2-mediated IKir by both
Vc1.1 and baclofen by >80% (n = 5; Fig. 2.2A, B & G) without affecting GIRK1/2 mediated
basal IKir. In HEK293T cells co-expressing GIRK1/2 and M2 mAChR, 10 µM ACh caused a
2.6 ± 1.2 fold increase in GIRK1/2-mediated IKir from basal level (IKir = 69.1 ± 23.5 pA/pF;
n = 6) whereas application of 1 M Vc1.1 failed to elicit or potentiate it (IKir = 3.3 ± 1.8
pA/pF; n = 6) (Fig. 2.3A & B). Taken together, these results highlight the requirement for
GABABR activation for the potentiation of GIRK1/2 K+ currents by Vc1.1 and baclofen.
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Figure 2.2. -Conotoxin Vc1.1 activity abolished in the presence of the selective GABABR
antagonist CGP 55845, reducing the disulphide bond with dithiothreitol (DTT) and the
lack of effect of -conotoxin ImI on heteromeric GIRK1/2 channels co-expressed with
GABABR. (A) Bath application of CGP55845 (1 µM) antagonizes Vc1.1 potentiation of
GIRK1/2 channels. Representative K+ currents recorded from HEK293T cells co-expressing
GABABR and GIRK 1/2 channels in the absence (control; black) and presence of 1 µM
CGP55845 alone (green), and upon co-application of CGP 55845 plus 1 µM Vc1.1 (light
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green), Vc1.1 alone (blue) and 1 mM Ba2+ (grey). (B) Corresponding dairy plot of IKir
amplitude at 100 mV (A) as a function of time. (C) Representative current-voltage
relationship elicited from HEK293 cells co-expressing GABABR and GIRK1/2 channels in the
absence (Control, black) and presence of 1 M Vc1.1 reduced by 1 mM DTT/reduced Vc1.1
(Vc1.1RA) (brown), 100 µM baclofen (red), 1 µM non-reduced Vc1.1 (blue) or 1 mM Ba2+
(grey). (D) GIRK1/2-mediated K+ current amplitude measured at 100 mV plotted as a
function of time in the presence of sequential application of reduced Vc1.1 (DTT
treatment/Vc1.1RA), baclofen, globular Vc1.1 and Ba2+. (E) Representative current-voltage
relationships obtained from HEK293T cells co-expressing GABABR and GIRK1/2 channels in
the absence (Control, black) and presence of 1 µM ImI (light blue), 1 µM Vc1.1 (blue), 100
µM baclofen (red) or 1 mM Ba2+ (grey). (F) Peak K+ current amplitude plotted as a function of
time during sequential application of ImI, Vc1.1, baclofen, and Ba2+. (G) Quantification of the
effect of reduced Vc1.1 and ImI compared to globular (non-reduced) Vc1.1 and baclofen. Data
represent mean ± SD. * P < 0.05; one-way ANOVA, Tukey as post-hoc test. Number of
experiments is given in parentheses.

Figure 2.3: Evaluation of Vc1.1 activity on heteromeric GIRK1/2 and M2AChR
transfected cells. (A) Representative K+ current recorded from HEK293T cells expressing
GIRK1/2 and M2AChR in the absence (control, black) and presence of 1 M Vc1.1 (blue), 10
M Ach (light green) and 1 mM Ba2+ (grey). (B) Corresponding diary plot of IKir potentiation
at -100 mV.
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2.4.3 Vc1.1 modulation of GIRK1/2 via G protein
Both Gα and Gβγ are instrumental in activation of the GIRK channel. Receptor-induced
activation of Gαi/o facilitates direct binding of Gβγ to the channel resulting in potentiation of
inward rectifying K+ current by agonist (Dascal & Kahanovitch, 2015; Ivanina et al., 2003;
Kahanovitch et al., 2014). The role of G proteins in GABABR-mediated potentiation of GIRK
channels by Vc1.1 was investigated using selective G protein inhibitors. In comparison with
untreated cells, inhibition of heterotrimeric Gi/o proteins (Gαi/o) by 24-hr incubation with PTX
(1 µg.ml-1), abrogated the potentiation of GIRK1/2-mediated K+ currents by 1 µM Vc1.1
(IKir = 1.1 ± 1.0 pA/pF, n = 5) and 100 µM baclofen (IKir = 2.0 ± 1.7 pA/pF, n = 5) (Fig.
2.4C, D & I). Replacement of GTP with hydrolysis-resistant GDP-β-S (500 µM) in the patch
pipette, attenuated Vc1.1 (IKir = 3.6 ± 2.0 pA/pF, n = 5) and baclofen (IKir = 15.4 ± 5.2
pA/pF, n = 5) potentiation of GABABR-GIRK1/2 K+ currents recorded within ~3 mins of
establishment of the whole-cell recording configuration (Fig. 2.4E, F & I). In contrast,
inclusion of the non-hydrolyzable G protein-activating analogue, GTP--S (500 µM) in the
patch pipette potentiated basal IKir ~two-fold from control levels. GABABR-mediated
GIRK1/2 IKir density was further potentiated by Vc1.1 (IKir = 41.7 ± 7.2 pA/pF, n = 8) but
interestingly, potentiation with baclofen was abolished (IKir = 14.8 ± 3.7 pA/pF, n = 8; P <
0.05) (Figure 3E, F & I). The observed increase in basal IKir density is consistent with
activation of GIRK channel with a further contribution of Vc1.1 triggering Gαi/o as “prime”
for underlying GIRK1/2 channel potentiation. The requirement of Gβγ in the signalling
cascade between the GABABR and GIRK1/2 channels was investigated in both recombinant
and native cells by supplementing the intracellular solution (patch pipette) with the peptide
analogue of the G protein receptor kinase 2 (GRK2i) that acts as a Gβγ scavenger (Koch et
al., 1994). In comparison to non-supplemented controls, GRK2i (10 µM) significantly
attenuated Vc1.1 and baclofen dependent potentiation of GIRK1/2 K+ currents by 70% (n =
5) and 74% (n = 8), respectively (Fig. 2.4G, H & I). Similarly, in mouse DRG neurons,
inward peak IKir density upon application of Vc1.1 and baclofen was reduced by 88% and
82% (n = 5), respectively (Figure 2.8A & B). Overall, these results indicate that both Gα and
heterodimeric Gβγ subunit is involved in the modulation of GIRK1/2 channels by Vc1.1 and
baclofen.
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Figure 2.4. Potentiation of GIRK1/2-mediated K+ current by either α-conotoxin Vc1.1 or
baclofen requires co-expression of GABABR and involves G protein Gαi/o and βγ. (A)
Representative K+ currents elicited from cells co-expressing GABABR and GIRK1/2 channels
with 24 hr pre-treatment with 1 µg.ml-1 PTX. (B) Corresponding diary plots of peak K+ currents
at 100 mV (A) as a function of time. (C) Inclusion of 500 µM GDP-β-S in the intracellular
patch pipette solution abolished Vc1.1 potentiation of GIRK1/2 current. Representative K+
current traces in the absence (control; black) or presence of Vc1.1 (blue), baclofen (red) or Ba2+
(grey). (D) Corresponding diary plot of (C) as a function of time. (E) Current-voltage
relationship obtained in HEK293T cells containing intracellular GTP-γ-S (500 µM) in the
absence (basal) and presence of Vc1.1 (1 µM, blue), Ba2+ (1 mM, grey) and baclofen (100 µM,
red). (F) Corresponding plot of peak IKir density as a function of time in HEK293T cell
containing GTP-γ-S. (G) Inclusion of Gβγ scavenger, GRK2i (10 µM) inhibited potentiation
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by both Vc1.1 and baclofen in cells co-expressing GABABR and GIRK1/2. (H) Corresponding
time plot of (G) showing peak IKir potentiation by Vc1.1 and baclofen at 100 mV. (I) Bar
graph of IKir density recorded at 100 mV in response to 1 µM Vc1.1 (28.3 ± 6.4 pA/pF,
blue) or 100 µM baclofen (68.4 ± 13.3 pA/pF, red) in HEK293T cells co-expressing GIRK1/2
channels and GABABR (control). Potentiation of IKir density by Vc1.1 and baclofen was
significantly enhanced by inclusion of 500 µM GTP-γ-S. Following pre-treatment with PTX
(1 µg.ml-1) or inclusion of either GDP-β-S (500 µM) or Gβγ scavenger, GRK2i (10 µM), in the
intracellular pipette solution, IKir density was similarly attenuated compared to peak current
density measured for Vc1.1 or baclofen in control condition. Data are expressed as mean ± SD
* P < 0.05 vs control; one-way ANOVA followed by Tukey’s post hoc test; number of
experiments is given in parentheses.

2.4.4 GIRK channel expression and potentiation of inwardly rectifying K+ currents by
Vc1.1 in adult mouse DRG neurons
All GIRK channel members have been detected in rodent DRG neurons (Gao et al., 2007),
however, the presence of GIRK1 and GIRK2 subunits in mouse DRG neurons has been
contested (Nockemann et al., 2013). Using commercially available antibodies, we explored the
expression and co-localization of the GIRK1, GIRK2, and GABABR2 proteins in HEK293T
cells co-transfected with GIRK1, GIRK2, GABABR1 and GABABR2 subunits, small to
medium diameter DRG neurons from adult mice, and non-transfected HEK293T cells using
immunofluorescence and confocal microscopy. Positive double immunodetection of GIRK1
(red) and GIRK2 (green) antigens was verified in transfected HEK293T (Fig. 2.5A) and mouse
DRG neurons (Fig. 2.5B). Immunofluorescence staining of GIRK channels display colocalization of GIRK1 and GIRK2 subunits in 71.4% co-transfected HEK293T cells (15 of 21
cells in the imaged field), and in ~81% of our small to medium DRG neuron cultures (13 of 16
cells in imaged field; irrespective of the size). Expression of GABABR and GIRK1/2 channels
was verified in transfected HEK293T cells (Fig. 2.5C) and their co-localization evidenced in
mouse DRG neurons (Fig. 2.5D) by double labelling of GIRK2 (green) and GABABR2 (red)
subunits. In mouse small to medium diameter DRG neurons, fluorescent signals overlapped in
96 of 100 cells (in the field; irrespective of the size). Due to antibody compatibility constraints,
we consider immunodetection of GIRK2 and GABABR2 as expression proxies of their
functional heteromeric counterparts. This is supported by previous studies showing that GIRK1
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requires GIRK2 for trafficking to the plasma membrane (Hibino et al., 2010; Luscher &
Slesinger, 2010) and that GABABR can only function as R1/R2 heterodimers (Cuny et al.,
2012; Frangaj & Fan, 2018; Mao et al., 2020; Pinard et al., 2010). We did not observe
immunoreactivity from any of the antibodies used in non-transfected HEK293T cells (Figure
S2.6E & F) nor in our control experiments (Figure S2.6A-D) for both recombinant cells and
DRG neurons.
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Figure 2.5. Fluorescence micrographs representing immunolabelling of GIRK1, GIRK2
and GABABR2 subunit of GABABR in adult mouse DRG neurons and when overexpressed recombinantly in HEK293 cells. (A, B) Immunolabeling of transfected HEK293T
cells and mouse DRG neurons. Visual inspection by confocal microscopy revealed both GIRK1
(red) and GIRK2 (green) channels express and show co-localization with each other using
antibodies directed against GIRK1 and GIRK2 channels. DAPI (blue) staining marks nucleus.
(C, D) Transfected HEK293T cells and DRG neurons showing expression of GABABR2 (red)
subunit and GIRK2 channel and both GIRK2 and GABABR2 co-localize in recombinant cells
and mouse DRG neurons. Co-expression of GIRK 1 and GIRK 2 or GIRK2 and GABABR
immunoreactivity in mouse DRG neurons was independent of cell diameter. Scale bars: 100
µm.
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Figure 2.6: (A, B & E) Immunolabeling of transfected HEK293T cells (A) and mouse DRG
neurons (B) displayed no visible co-localization neither GIRK channel expressions when
corresponding GIRK1 (red) or GIRK2 (green) antibodies were not applied. Contrarily,
application of primary antibodies in non-transfected HEK293T cells (E) did not exhibit any
GIRK channel expression confirming the absence of endogenous GIRK channels in HEK293T
cells. (C, D & F) Neither transfected HEK293T cells (C) nor did mouse DRG neurons (D)
express GIRK2 channel or GABABR when primary antibodies directed to GIRK2 (green) and
GABABR2 (red) were not applied. Similarly, immunolabeling of non-transfected HEK293T
(F) cells with corresponding antibodies revealed no expression or co-localization of the GIRK2
channel or GABABR. Lower left panels in A-D and third parallel picture in E-F are DIC light
microscope images of corresponding HEK293T cells (A, C, E & F) or mouse DRG neuron (B,
D). In all merged image, DAPI (blue) staining marks nucleus. Scale bars: 100 µm.
The previous observations are consistent with the presence of GIRK1/2 channels and
GABABR in overlapping populations of small to medium diameter DRG neurons in adult mice.
Therefore, the modulation of IKir by Vc1.1 and baclofen was examined in isolated mouse DRG
neurons. Consistently, bath application of baclofen and Vc1.1 potentiated IKir elicited by 50 ms
ramps from 100 mV to +40 mV in approximately one-third (15/50) of small to medium
diameter (<30 µm) DRG neurons. Vc1.1 (1 µM) potentiated neuronal TPQ or Ba2+-sensitive,
inward rectifying K+ currents recorded in the presence of high K+ by 2.0 ± 0.9 fold (IKir =
19.4 ± 11.2 pA/pF, n = 15) from control levels (Fig. 2.7A, B & C, Table 2.1). Accordingly,
baclofen (100 µM) applied to the same neurons increased IKir 4.5 ± 3.0 fold (IKir = 25.8 ± 15.4
pA/pF, n = 15) consistent with GABABR activation of GIRK channels in mouse DRG neurons
(Fig. 2.7A, B & C). Pharmacological enhancement of IKir was observed at all potentials
negative to 40 mV. In Figure 5A, the larger rectification observed at potentials negative to
60 mV in mouse DRG neurons is likely due to the presence of a heterogeneous population of
hyperpolarization-activated ion channels. Hyperpolarization-activated cyclic nucleotide–gated
(HCN) channels are abundantly expressed in rodent DRG neurons (Mayer & Westbrook, 1983;
Stern et al., 2015) and may likely contribute to the inward rectification. Incubation of mouse
DRG neurons with PTX (1 g. ml-1) for 24 hr inhibited both Vc1.1 and baclofen potentiation
of IKir (n = 5, Figure S2.8C & D) consistent with our observation in recombinant human
GABABR and GIRK1/2 channels.
Inhibition of IKir by Tertiapin-Q (TPQ) was used to report on endogenous GIRK channel
activity (Kanjhan et al., 2005). Under these experimental conditions, TPQ (500 nM) inhibited
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the whole-cell inward IK recorded in high external K+ by 35.0 ± 14.1% (Figure 2.7D & Figure
2.8E, F) whereas co-application of TPQ and Ba2+ inhibited IKir by 46.4 ± 13.3% (n = 11) (Figure
2.7D & Figure 2.8E). Bath application of Ba2+ (1 mM) alone inhibited IKir in DRG neurons by
40.2 ± 11.0% (n = 11) (Figure 2.7D & Figure 2.8F). Furthermore, the potentiation of IKir by
100 µM baclofen was inhibited by 500 nM TPQ. In a subsequent set of experiments, bath
application of either TPQ (100 nM) or Ba2+ (1 mM) inhibited IKir by 39.3 ± 6.6% (n = 6) and
47.5 ± 7.6% (n = 6), respectively. Both of these compounds also abolished the potentiating
effect of both Vc1.1 and baclofen over inward IKir in mouse DRG neurons (Figure 2.7E, F)
confirming that the inhibition of GIRK channels has a significant effect, enhancing neuronal
excitability observed in DRGs (Figure 2.10C & D). Application of either Vc1.1 or baclofen
after washout of Ba2+ potentiated IKir in DRG neurons indicating that the Ba2+-sensitive
component of the inwardly rectifying current of the total inward K+ current are GIRK-mediated
K+ currents (Figure 2.8G, H). The co-localisation of GABABR and GIRK channels in mouse
DRG neurons and antagonism of Vc1.1- and baclofen-dependent potentiation of endogenous
IKir by TPQ are both consistent with the modulation of native GIRK K+ currents by -conotoxin
Vc1.1 and baclofen via GABABR in DRG neurons.
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Figure 2.7: α-Conotoxin Vc1.1 potentiation of inward rectifier K+ currents in adult mouse
DRG neurons. (A) Representative whole-cell K+ currents recorded from small to medium
diameter (<30 µm) DRG neurons obtained in response to voltage ramps (100 mV to +40 mV)
applied at 0.1 Hz in the absence (basal control taken after baclofen washout, black) and
presence of 1 μM Vc1.1 (blue), 100 μM baclofen (red) or 500 nM Tertiapin-Q (TPQ, brown).
(B) Diary plot of peak inward K+ currents recorded at 100 mV in mouse DRG neurons as a
function of time. (C) Bar graph of inward K+ current density measured at 100 mV in response
to Vc1.1 (1 µM, blue) and baclofen (100 µM, red). Data represent mean ± SD. Number of
experiments are shown in parentheses. (D) Summary of the effects of TPQ (500 nM, brown),
Ba2+ (1 mM, grey) and TPQ + Ba2+ (black) on whole-cell inward IK. (E) Diary plot of peak
inward K+ currents recorded at 100 mV in mouse DRG neurons as a function of time in
response to 1 µM Vc1.1 (blue) or 100 µM baclofen (red) in the presence of bath application of
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100 nM TPQ (brown). (F) Diary plot of peak inward current recorded at 100 mV in mouse
DRG neurons as a function of time in response to 1 µM Vc1.1 (blue) or 100 µM baclofen (red)
in the presence of bath application of 1 mM Ba2+ (grey). Data represent mean ± SD. Number
of experiments is given in parentheses.

Figure 2.8: Control immunocytochemistry for GIRK1, GIRK2 and GABABR2 subunit
expression in HEK293T cells co-expressing GABABR and heteromeric GIRK1/2
channels, non-transfected HEK293T cells, and mouse DRG neuronal cells. (A, B & E)
Immunolabeling of transfected HEK293T cells (A) and mouse DRG neurons (B) displayed no
visible co-localization neither GIRK channel expressions when corresponding GIRK1 (red) or
GIRK2 (green) antibodies were not applied. Contrarily, application of primary antibodies in
non-transfected HEK293T cells (E) did not exhibit any GIRK channel expression confirming
the absence of endogenous GIRK channels in HEK293T cells. (C, D & F) Neither transfected
HEK293T cells (C) nor mouse DRG neurons (D) expressed GIRK2 channel or GABABR when
primary antibodies directed to GIRK2 (green) and GABABR2 (red) were not applied. Similarly,
immunolabeling of non-transfected HEK293T (F) cells with corresponding antibodies revealed
no expression or co-localization of the GIRK2 channel or GABABR. Lower left panels in A-D
and third parallel picture in E-F are DIC light microscope images of corresponding HEK293T
cells (A, C, E & F) or mouse DRG neuron (B, D). In all merged image, DAPI (blue) staining
marks nucleus. Scale bars: 100 µm.
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2.4.5 Vc1.1 and baclofen depress excitability in mouse DRG neurons
To determine if GABABR-GIRK current potentiation by Vc1.1 influences neuronal
excitability, small to medium diameter (<30 µm) adult mouse DRG neurons were studied under
current clamp and the passive and active membrane properties compared between control and
treated cells (Table 2.2). Bath application of α-conotoxin Vc1.1 (1 M) reversibly reduced
action potential firing in response to depolarizing current injection in adult mouse DRG
neurons (Fig. 2.9A). The RMP was hyperpolarized by ~5 mV in the presence of 1 µM Vc1.1
(control = 53.3 ± 7.7 mV, Vc1.1 = 57.6 ± 8.7 mV, n = 24; P < 0.05) in 62% (26 of 42) of
the neurons recorded (Fig. 2.9Bi, Table 1) and the input resistance (Ri) was reduced by >1.5fold (control = 542.4 ± 321.1 M and Vc1.1 = 344.1 ± 188.0 M, n = 6; P < 0.05) (Fig. 2.9Bii;
Table 2.1). In the presence of Vc1.1, the rheobase for action potential firing was increased
approximately two-fold (control = 104.0 ± 91.8 pA, Vc1.1 = 192.0 ± 152.9 pA, n = 26; P <
0.05) (Fig. 2.9Biii, Table 2.2). Furthermore, the number of action potentials evoked in DRG
neurons in response to depolarizing current injection (25 to 300 pA) was reduced to less than
half in the presence of Vc1.1 compared to control (n = 26; P < 0.05) (Fig. 2.9Biv, Table 2.2).
Baclofen (100 M) substantially supressed DRG neuronal excitability in response to
depolarizing current injection in > two-thirds of neurons (21/31) (Fig. 2.9C). This was evidence
by hyperpolarization of the RMP by ~5 mV (from 59.1 ± 8.6 mV to 64.2 ± 9.9 mV, n = 18;
P < 0.05) (Fig. 2.9Di, Table 2.2) and ~two-fold decrease in input resistance (control = 741.0 ±
599.2 M, baclofen = 417.2 ± 314.2 M, n = 10; P < 0.05) (Fig. 2.9Dii, Table 2.2). Baclofen
approximately doubled neuronal rheobase from 321.0 ± 401.3 pA to 620.0 ± 524.7 pA (n = 21;
P < 0.05) (Fig. 2.9Diii, Table 2.2) and halved the number of action potentials elicited by
injection of 50 pA depolarizing current (n = 21; P < 0.05) (Fig. 2.9Div, Table 2.2). These results
are consistent with a reduction in DRG neuronal excitability in the presence of both Vc1.1 and
baclofen. In the presence of CGP55845, application of Vc1.1 (1 M) did not affect the passive
or active membrane properties of mouse DRG neurons (n = 7; Fig. 2.10A, Bi-iv) suggesting
that GABABR activation is a requisite for the dampening effects of Vc1.1 in DRG
neuroexcitability.
Exposure of DRG neurons to the GIRK channel inhibitor, TPQ (500 nM), elicited
spontaneous action potential firing which was associated with a ~10 mV depolarization of the
resting membrane potential from 65.0 ± 7.8 mV (control) to 55.0 ± 9.1 mV (n = 21; P <
0.05) (Fig. 2.10C, Di; Table 2.2). In addition, TPQ (500 nM) increased the input resistance
>1.5-fold from 326.0 ± 298.0 M to 510.7 ± 429.0 M (n = 14; P < 0.05) (Fig. 2.10Dii, Table
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2.2). Accordingly, the rheobase was reduced ~two-fold from 619.0 ± 560.4 pA to 376.0 ± 376.8
pA (n = 21; P < 0.05) (Fig. 2.10Diii, Table 2.2), and the number of action potentials fired in
response to a 25 pA depolarizing current injection was increased more than three-fold (n = 21;
P < 0.05) (Fig. 2.10Div, Table 2.2) in the presence of TPQ. In the presence of 500 nM TPQ,
neither baclofen (100 M) nor Vc1.1 (1 M) altered the RMP, Ri or attenuated neuronal
excitability in mouse DRG (n = 8, data not shown). Furthermore, in the presence of TPQ (100
nM) exposure to Vc1.1 (1 µM) did not alter TPQ-dependent hyper-excitability in mouse DRG
neurons (Fig. 2.11A-C). Taken together, the results summarised in Table 2.2 suggests that
Vc1.1 and baclofen potentiation of GIRK-mediated K+ currents via GABABR activation acts
to dampen DRG neuronal excitability, and thereby contribute to the reported anti-nociceptive
activities in animal models of mechanical allodynia and chronic pain (Castro et al., 2017;
Klimis et al., 2011b).
Table 2.2. Summary of the effects of α-conotoxin Vc1.1, baclofen and Tertiapin-Q on the
passive and active membrane properties of mouse DRG neurons.
PARAMETERS
 RMP (MV)

RI
(FOLD CHANGE)

AP#
(FOLD CHANGE)

RHEOBASE
(FOLD CHANGE)

VC1.1

BACLOFEN

TERTIAPIN-Q

(1 µM)

(100 µM)

(500 NM)

4.3 ± 5.5

5.1 ± 8.0

+10.0 ± 4.6

(25)

(18)

(21)

 1.5 ± 0.4

 1.7 ± 0.3

 1.9 ± 1.1

(6)

(10)

(14)

 1.8 ± 1.0

 1.5 ± 1.2

 3.4 ± 3.0

(26)

(21)

(21)

 2.0 ± 1.0

 3.1 ± 3.0

 1.9 ± 0.5

(26)

(21)

(21)

AP#, Number of action potentials; Ri, Input resistance; RMP, Resting membrane potential
, increase; , decrease; Fold change calculated for each individual neuron and data represent
the mean ± SD; number of experiments is given in parentheses.
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Figure 2.9. α-Conotoxin Vc1.1 hyperpolarizes the resting membrane potential and
reduces excitability in mouse DRG neurons similar to the canonical GABABR agonist
baclofen. (A) Representative voltage responses to current clamp steps recorded in a DRG
neuron (28.7 μm diameter) in the absence (control; left) and presence of 1 µM Vc1.1 (right).
Broken line indicates 0 mV, black indicates the rheobase and red indicates 2x rheobase for both
membrane potential and current. (B) Paired scatter plots of the effects of 1 µM Vc1.1 on resting
membrane potential (RMP) (i), input resistance (Ri) (ii), rheobase (iii), and number of APs (iv)
in response to 500 ms depolarizing current step in small to medium diameter neurons of adult
mice DRG. Data represented as mean ± SD; Paired t-test *P < 0.05. Number of experiments
are given in parentheses. (C) Representative voltage responses to current clamp steps recorded
in a DRG neuron (26.2 μm diameter) in the absence (control; left) and presence of 100 µM
baclofen (right). Broken line indicates 0 mV, black indicates the rheobase and red 2x rheobase
in each condition for both membrane potential and current. (D) Paired scatter dot plots of the
effects of 100 µM baclofen on resting membrane potential (RMP) (i), input resistance (Ri) (ii),
rheobase (iii), and number of APs (iv) in response to 500 ms depolarizing current step in small
to medium diameter neurons of adult mice DRG. Data represented as mean ± SD; Paired t-test,
*P < 0.05. Number of experiments is given in parentheses.
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Figure 2.10. Effects of the GABABR antagonist CGP55845 and GIRK channel inhibitor
Tertiapin-Q on excitability in mouse DRG neurons. (A) Representative voltage responses
to current clamp steps recorded in a DRG neuron (26 μm diameter) in the absence (control;
left) and presence of CGP 55845 + Vc1.1 (1 µM) (right). Broken line indicates 0 mV, black
indicates the rheobase and red indicates 2x rheobase for both membrane potential and current.
(B) Paired scatter plots of the effects CGP 55845 + Vc1.1 on resting membrane potential
(RMP) (i), input resistance (Ri) (ii), rheobase (iii), and number of APs (iv) in response to 500
ms depolarizing current step in small to medium diameter neurons of adult mouse DRG. Data
represent mean ± SD values; Paired t-test, *P < 0.05. Number of experiments is given in
parentheses. (C) Representative voltage responses to current clamp steps recorded in a DRG
neuron (22.9 μm diameter) in the absence (control; left) and presence of 500 nM TPQ (right).
Broken line indicates 0 mV, black indicates the rheobase and red indicates 2x rheobase for both
membrane potential and current. (D) Paired scatter dot plots of the effects 500 nM TPQ on
resting membrane potential (RMP) (i), input resistance (Ri) (ii), rheobase (iii), and number of
APs (iv) in response to 1 sec depolarizing current step in small to medium diameter (<30 μm)
adult mice DRG neurons. Data represent mean ± SD values; Paired t-test, *P < 0.05. Number
of experiments is given in parentheses.

Figure 2.11: Lack of effect of α-conotoxin Vc1.1 on neuronal excitability in the presence
of tertiapin-Q. (A, B) Representative voltage responses to current clamp steps recorded in a
mouse DRG neuron in the absence (control, A) and presence of 100 nM TPQ + 1 µM Vc1.1
(B). Broken line denotes 0 mV, whereas rheobase (black) and 2x rheobase (red) are indicated
for both membrane potential and current. (C) Paired scatter dot plot of the AP frequency (Hz)
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elicited under control conditions and in the presence of 100 nM TPQ + Vc1.1 (1 µM) in
response to a 500 ms depolarizing current step in small to medium diameter (<30 μm) adult
mouse DRG neurons. Data represent mean ± SD values; Wilcoxon matched-pairs signed rank
test, *P < 0.05. Number of experiments is given in parentheses.

Further to this, to assess the contribution of HVA Cav2.2 channels in excitability
parameters, 100 nM CVIE conotoxin, selective to Cav2.2 channel was applied in the bath
solution. To our surprise, no significant changes were observed in any of the excitability
parameters (Fig. 2.12A-C) denoting inhibitory GABABergic activities and subsequent
inhibition or potentiation of HVA Cav or GIRK channels have notable influence in fine-tuning
neuronal excitability over targeting Cav2.2 channel alone. In parallel, application of a nonselective blocker of the Cav channel, CdCl2 (100 M), although demonstrated substantial effect
in settling some parameters of the excitability parameters, e.g., increased R i to 2220  591.2
M from 1984  610.6 M (n=5; Fig. 2.12Fii) and rheobase potential to 34  28.2 pA from
16  14.8 pA (n = 5; Fig. 2.12Fiii) followed by three-fold reduction in AP# generation (n = 5;
Fig. 2.12Fiv), it did not have any effect in RMP. This eventually surmise two notions, firstly,
selective Cav channel blockers have minimum effect on spontaneous firing of the neurons;
secondly, GABAergic inhibitory projection contributes a major proportion of inhibitory
activities in peripheral sensory neurons and GIRK channels attribution at least constitute in part
for altering neuronal excitabilities.
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Figure 2.12. Effects of selective HVA Cav2.2 antagonist, ω-conotoxin CVIE and nonselective HVA Cav antagonist, CdCl2 on excitability in mouse DRG neurons. (A)
Representative voltage responses to current clamp steps recorded in a DRG neuron (24.8 μm
diameter) in the absence (control; left) and presence of CVIE (100 nM) (right). Black indicates
the rheobase and red indicates 2x rheobase for both membrane potential and current. (B) A
voltage ramp protocol from Vh -80 mV displaying the whole-cell current obtained before
(control, black) and after application of 100 nM CVIE (light green) (C) Paired scatter plots of
the effects CVIE on resting membrane potential (RMP) (i), input resistance (Ri) (ii), rheobase
(iii), and number of APs (iv) in response to 500 ms depolarizing current step in small to medium
diameter neurons of adult mouse DRG. Data represent mean ± SD values; Paired t-test, *P <
0.05. Number of experiments is given in parentheses. (D) Representative voltage responses to
current clamp steps recorded in a DRG neuron (27.2 μm diameter) in the absence (control; left)
and presence of 100 M CdCl2 (right). Black indicates the rheobase and red indicates 2x
rheobase for both membrane potential and current. (E) A voltage ramp protocol from Vh -80
mV displaying the whole-cell current obtained before (control, black) and after application of
100 M CdCl2 (orange) (F) Paired scatter dot plots of the effects 100 M CdCl2 on resting
membrane potential (RMP) (i), input resistance (Ri) (ii), rheobase (iii), and number of APs (iv)
in response to 1 sec depolarizing current step in small to medium diameter (<30 μm) adult mice
DRG neurons. Data represent mean ± SD values; Paired t-test, *P < 0.05. Number of
experiments is given in parentheses.

2.5 Discussion
The major finding of this study is the demonstration that analgesic α-conotoxin Vc1.1
modulates both GIRK1/2 and GIRK2 K+ currents through G protein-coupled GABABR in
HEK293T cells and mouse DRG neurons. Vc1.1 and baclofen potentiate recombinant
GIRK1/2 and GIRK2 K+ currents only when co-expressed with GABABR subunits R1 and R2.
Inhibition of Vc1.1 potentiation of GIRK1/2 IKir by the selective GABABR antagonist, CGP
55845, and the lack of effect of Vc1.1 on GIRK-mediated IKir in the absence of GABABR
expression, supports GABABR as the primary target of this -conotoxin and not the GIRK
channel per se. Our study also provides details of the G protein involvement and
immunocytochemical support for the expression of GIRK channel protein in mouse small to
medium diameter DRG neurons.
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GABAB receptor biology and pharmacology in pain processing has been studied
extensively and the modulation of HVA N-type calcium channels and/or GIRK channels by
GABABR agonists, GABA and baclofen, is a recognized analgesic mechanism of action
(Benke, 2020; Malcangio, 2018). Our findings propose another plausible mechanism of action
through which analgesic α-conotoxin Vc1.1 regulates membrane excitability in sensory
neurons. Disruption of GABABR-GIRK channel interaction in recombinant GABABR/GIRK
complexes in HEK293 cells and native DRG neurons precludes IKir potentiation by baclofen
and Vc1.1, consistent with previous studies supporting GIRK’s anti-nociception role in models
of neuropathic pain (Ippolito et al., 2005; Marker et al., 2005) and via satellite ganglion cells
of the trigeminal ganglia (Takeda et al., 2015).

2.5.1 Proposed mechanism underlying Vc1.1 activation of GABABR
PTX catalyzes the ADP-ribosylation of heterotrimeric G protein subunit αi thereby precluding
the interaction between G proteins and GPCRs. The involvement of the PTX-sensitive G
protein, Gαi/o, in GABABR modulation of GIRK channels by Vc1.1 was demonstrated by (1)
pre-treatment of cells expressing either native or recombinant GABABR/GIRK with PTX, and
(2) intracellular application of the non-hydrolysable GDP analogue, GDP-β-S, to inhibit G
protein activation. Both PTX and GDP-β-S abolished baclofen and Vc1.1 potentiation of
GIRK1/2 channels. Furthermore, the observed reduction of GIRK1/2 IKir potentiation by Vc1.1
and baclofen in the presence of the Gβγ scavenger, GRK2i, is consistent with Gβγ interaction
with GIRK1/2 channels. GPCR-mediated activation of GIRK channel signaling involving Gαi/o
and Gβγ binding to the GIRK channel resulting in IKir potentiation has been reported previously
(Kano et al., 2019; Padgett & Slesinger, 2010; Wang et al., 2016). Forster resonance energy
transfer (FRET) studies showed that upon GPCR activation, Gβγ preferentially binds to the
GIRK channel whereas Gα binds to GABABR (Fowler et al., 2007; Laviv et al., 2011; RichardLalonde et al., 2013). The Gβγ heterodimeric component of the G protein is instrumental for
the activation of GIRK channels, yet regulation of receptor-induced gating also depends on the
Gαi component (Peleg et al., 2002a) confirming that both Gβγ and Gαi are involved in signaling
cascade maintenance. Furthermore, it has been shown previously that Vc1.1 inhibition of
Cav2.2 and Cav2.3 is mediated by both Gα and Gβγ independently of voltage (Berecki,
McArthur, et al., 2014). Agonist dependent and GPCR-mediated activation of GIRK channels
is proposed to occur via direct Gβγ subunit interaction with the channel in a membranedelimited fashion (Jeremic et al., 2021; Lujan et al., 2014; Yudin & Rohacs, 2018). The
recruitment of Gβγ by the GIRK channel is essential in GPCR-mediated potentiation, whereas
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other prototypical agonists that activate GIRK channels in the absence of a GPCR or in a G
protein-independent manner do not require the Gβγ heterodimer (Jelacic et al., 2000; Wydeven
et al., 2014). Accordingly, our results provide evidence that Vc1.1 targeting of GABABR
modulates GIRK channels via activation of Gαi/o protein and Gβγ signaling as proposed in Fig.
2.13.
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Figure 2.13. Schematic representation of the GABABR1/R2 subunits of GABABR and its
downstream effector Vc1.1 transducing signals to GIRK channels. Allosteric binding of
Vc1.1 to GABABR activates heterotrimeric G protein. Dissociation of Gαi/o and heterodimer
Gβγ (red line) of G protein activates heteromeric GIRK1/2 channel. Similarly, baclofen binding
to orthosteric binding site, Venus Fly Trap (VFT) of GABABR1 subunit of GABABR can also
potentiate GIRK channel via dissociation of Gαi/o and Gβγ heterodimer of G protein.
α-Conotoxin Vc1.1 has been shown to act as an allosteric agonist because it does not
bind to the canonical ligand binding site of GABABR (Huynh et al., 2015a), nevertheless, its
precise binding site on the GABABR remains to be identified (Sadeghi et al., 2017). In the
present study, we show that Vc1.1 potentiates GIRK1/2 channels albeit with 10- to 100-fold
lower potency than for inhibition of human and rat Cav2.2 channels (Callaghan & Adams,
2010; Hone et al., 2018; Huynh et al., 2015a). In a comparable manner, it was shown that even
though GIRK and Cav2.2 channels are regulated by GABABR by an analogous mechanism,
the EC50 for GIRK potentiation by baclofen is ~100-fold higher than for inhibition of HVA
Ca2+ channels in rat supraoptic neurons (Harayama et al., 2014).

A durable macromolecular complex between GIRK/G protein/GABABR upon agonist
binding (Padgett & Slesinger, 2010) that occurs through collision coupling (rather than a preexisting complex) has been proposed (Kahanovitch et al., 2017). It is conceivable that Vc1.1
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targets the complex activating Gαi/o proteins and Gβγ via GABABR to potentiate GIRK channel
signaling. This is consistent with previous studies whereby agonist stimulation of Gαi/o-coupled
GPCRs results in increased concentration of Gβγ heterodimers available to activate GIRK
channels whereas the Gαi/o subunit enhances G protein-GPCR association in GPCR-GIRK
complexes (Touhara & MacKinnon, 2018).

2.5.2 Expression and modulation of GIRK channels in sensory neurons
GIRK channels are expressed in neurons of several regions of the central nervous system
including the spinal cord (Lujan & Aguado, 2015; Marker et al., 2006; Ponce et al., 1996)
supporting their role in modulating several neurological disorders or disease conditions
(Mayfield et al., 2015; Rifkin et al., 2017). Functional coupling to GABABR has been described
in rat (Gao et al., 2007) and human DRG neurons (Castro et al., 2017), yet the function of
GIRK channels in mouse peripheral neurons has remained largely unexplored.
Functional recordings of phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2/PIP2]
activated GIRK currents in postnatal day zero (P0) mouse DRG neurons in response to
neurotrophin-mediated cleavage of p75(NTR) have been reported (Coulson et al., 2008). We
observed co-localization of GIRK1, GIRK2, and GABABR2 subunits in overlapping
populations of small and medium diameter neurons of adult mouse DRG (Fig. 2.5C & D) where
we also showed functional coupling between GABABR and native IKir. The latter was further
verified in heterologous expression systems by the potentiating actions of baclofen and Vc1.1
on recombinant IKir mediated by heteromeric GIRK1/2 and homomeric GIRK2 channels.
Similar to previous studies of baclofen-treated trigeminal ganglion and reticular thalamic
neurons from the rat (Cain et al., 2017; Takeda et al., 2004), baclofen and Vc1.1 hyperpolarized
the resting membrane potential, increased the firing threshold (rheobase) and reduced action
potential firing in the population of mouse DRG neurons analyzed here. GIRK channel
expressed in recombinant HEK293T cells, CGP 55845 antagonism of GABABR abrogated
potentiation of IKir and the neuroexcitability dampening effects of Vc1.1 in DRG neurons,
whereas Ba2+ and the GIRK channel inhibitor, TPQ, antagonized the potentiation of IKir by
baclofen and Vc1.1 and enhanced excitability either in recombinant or native cells. Thus far,
our findings are consistent with GABABR modulation of GIRK channels and a reduction of
DRG neuronal excitability. Hence, GIRK channels may function as downstream effectors of
GABABR contributing to the anti-nociceptive activity of baclofen and Vc1.1. The modulation
of Ca2+-dependent ionic conductance in DRG neurons likely due to baclofen and Vc1.1
inhibition of GABABR-coupled Cav2.2, and the concomitant reduced Ca2+ influx, would also
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contribute to the decrease in neuroexcitability (Waxman & Zamponi, 2014). Notably, the
outcome obtained from selective and non-selective blocker of calcium channel, CVIE
conotoxin and CdCl2, further support the abovementioned idea of GIRK and HVA Cav
channels contribution in GABAergic inhibitory pathway as instrumental for neuro-inhibition.
Contrarily, we note the complexity associated with CdCl2 block of other voltage-dependent
conductance’s in analyzing excitability parameters and acknowledge further studies employing
various pharmacological antagonist to differentially block these conductance’s to isolate exact
proportion of GIRK currents contribution in peripheral sensory neuro-excitability is required.
Ex vivo experiments were conducted in DRG neurons isolated from male adult mice and
therefore may not generalize to females.
In rat pyramidal neurons, GIRK channel density is higher in dendrites than in the soma
(Chen & Johnston, 2005; Takigawa & Alzheimer, 1999) perhaps posing a limitation to our
work as it relies on somatic DRG neuron IKir recordings (within 24 hrs of acute dissociation).
The relatively low IKir density recorded in adult mouse DRG neurons implies that most
processes and the dendritic pool of GIRK channels may be lost upon isolation. Future efforts
shall be directed to determine the relative abundance of GIRK channel isoforms at the mouse
peripheral nerve terminals.

2.5.3 Neuroexcitability and implications for GIRK channel
Analgesic α-conotoxins inhibit α9α10 nAChRs directly and HVA calcium (Cav2.2 and Cav2.3)
channels indirectly via GABABR activation (Kennedy et al., 2020; Sadeghi et al., 2017).
GABAB receptors are abundantly expressed in the somatosensory (afferent) nervous system
and its role in mitigating mechanical allodynia and chronic visceral hypersensitivity in animal
models of neuropathic and visceral pain, respectively, has been demonstrated (Castro et al.,
2017; Loeza-Alcocer et al., 2019). Furthermore, α-conotoxin Vc1.1 has been shown to reduce
excitability in human DRG neurons via a GABABR-mediated mechanism (Castro et al., 2017).
In the present study, we demonstrate that analgesic α-conotoxins Vc1.1, RgIA and PeIA
potentiate heteromeric and homomeric GIRK currents via GABABR albeit with less efficacy
than the GABABR agonists, baclofen and GABA. Nevertheless, the precise molecular details
of GIRK IK potentiation via GABABR activation remains to be elucidated, therefore invoking
further studies of sensory neuron GIRKs and their coupling to GPCRs.
Hyper-excitability and ectopic firing are characteristic sensory neuron responses to nerve
injury and chronic pain (Amir et al., 2005; Berta et al., 2017). Control of cell-surface expression
and/or the biophysical properties of ion channels in sensory neurons is central to membrane
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excitability such that the activation of GIRK channels hyperpolarizes the neuron and reduces
excitability. Our findings are consistent with the functional expression of GIRK channels in
mouse DRG neurons and their involvement in GABABR-mediated anti-nociceptive activity in
response to baclofen and -contotoxin Vc1.1. The modulation of HVA N-type (Cav2.2)
calcium channels and/or GIRK channels by GABABR agonists, GABA and baclofen, is
recognized as analgesic mechanism of action. A new scenario involving diverse signaling
mechanism(s) underlying α-conotoxin Vc1.1’s analgesic effect is emerging. Synergistic action
of Vc1.1 to inhibit Cav2.2/2.3 and potentiate GIRK channels reducing neuronal excitability
likely contributes to its anti-nociceptive activity.

66

Chapter

3: αO-conotoxins GeXIVA modulate GIRK channel and

excitability parameters in mouse DRG neurons via GABAB receptor
activation.
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Abstract
αO-Conotoxin GeXIVA is a 28 amino acid peptide derived from the venom of the marine snail
Conus generalis. The presence of four cysteine residues in the structure of GeXIVA allows it
to have three different disulfide isomers i.e. the globular, ribbon or bead isomer. All three
isomers are active at α9α10 nicotinic acetylcholine receptors, with the bead isomer, GeXIVA
(bead), being the most potent and exhibiting analgesic activity in animal models of neuropathic
pain. The original report of GeXIVA activity failed to observe any effect of the isomers on
high voltage-activated (HVA) calcium channel currents in rat dorsal root ganglion (DRG)
neurons. In this study we report, for the first time, the activity of globular GeXIVA (globular)
at G protein-coupled GABAB receptors (GABABR) inhibiting HVA N-type calcium (Cav2.2)
channels and reducing membrane excitability in mouse DRG neurons. The inhibition of HVA
Ca2+ currents and neuroexcitability by GeXIVA (globular) was reversed by the selective
GABABR antagonist CGP 55845. In transfected HEK293T cells co-expressing human
GABABR1 and R2 subunits and Cav2.2 channels, both GeXIVA (globular) and GeXIVA
(ribbon) inhibited depolarization-activated Ba2+ currents mediated by Cav2.2 channels whereas
GeXIVA (bead) had no effect. The effects of three cyclized GeXIVA (ribbon) isomers were
also tested, with cGeXIVA_GAG being most potent at human GABABR-coupled Cav2.2
channels. Interestingly, GeXIVA (globular) also reversibly potentiated inwardly-rectifying K+
currents mediated by human GIRK1/2 channels co-expressed with GABABR in HEK293T
cells. This study highlights GABABR as a potentially important receptor target for the activity
of ɑO-conotoxin GeXIVA to mediate analgesia.
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3.2 Introduction
Targeting ion channels coupled to variety of G protein-coupled receptors (GPCRs) involved in
pain signal transmission is a contemporary approach to substitute conventional chronic pain
therapeutics (Che, 2020; Sadeghi et al., 2017). Several inward-rectifying potassium channels
(Kir) play critical role in this aspect establishing a balanced ionic network during neuronal
excitability by rapid K+ inflow resulting in hyperpolarizing membrane potential, reducing
action potential firing rate, and thus inducing neuronal inhibition (Cheng et al., 2015; Gonzalez
et al., 2012; Jeremic et al., 2021). Among seven identified subfamilies of Kir channels (Kir1Kir7), we focused on our study Kir3 subfamily, which is G protein-gated inwardly rectifying
potassium (GIRK) channel considering its crucial integration with one of the main inhibitory
GPCRs, -amino butyric acid type-B receptor (GABABR) in fine-tuning pain signal
transmission among many analogous conditions tempered by GIRK channel dysfunction
(Alzheimer, drug addiction, mood disorders, Parkinson’s etc.) (Brewer & Baccei, 2018;
Derenne et al., 2007; Jeremic et al., 2021; Marker et al., 2004; Mitrovic et al., 2003; Slesinger
& Wickman, 2015).
With recent discovery of Vc1.1 affecting the sensory neuronal excitability (Bony et al.,
2020a), search for other nature derived compounds inflecting such capabilities remained under
consideration. Lately, a peptide belongs to O1- gene conotoxin superfamily, GeXIVA has been
designed. This peptide is structurally very similar to -conotoxins unlike comprising a bit
longer amino acid chain (28 amino acid long) and thus named αO-conotoxin GeXIVA (Luo et
al., 2015; Zhangsun et al., 2017). Besides, three isomers created from linear version of this
peptide (globular, bead and ribbon) have already been functionally analysed deriving potent
inhibition in nicotinic Acetylcholine Receptors (nAChRs) (Zhangsun et al., 2017) and wholecell calcium currents in mouse sensory dorsal root ganglion (DRG) neurons (data unpublished).
Nonetheless, this distinct antagonist, O-conotoxin GeXIVA yet to be probed for GIRKGABABR complex.
In this study, we explored each of the isomers of O-conotoxin GeXIVA selectivity on
GIRK-GABABR signalling complex first recapitulating it on HEK293 cells and then,
substantiating its credibility on native DRG sensory neuronal excitability.
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3.3 Materials and Methods
3.3.1 HEK293 cell culture and transfection
HEK293 cells expressing the SV40 large T-antigen were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, ThermoFisher Scientific, Scoresby, VIC, Australia). The
media was also supplemented to contain 10% foetal bovine serum (FBS, Bovigen, Keilor East
VIC Australia), 100 units/ml penicillin, 100 µg/ml streptomycin (Pen/Strep, InvitrogenTM,
Thermofisher scientific, Australia) and 1% GlutaMAX (ThermoFisher Scientific, Australia).
Cells were incubated at 37C in 5% CO2 in a humidified incubator and passaged when ~80%
confluent following the procedures described previously.
Plasmids for human GIRK1 (KCNJ3 or Kir3.1) and GIRK2 (KCNJ6 or Kir3.2) (both
pcDNA3 based) were a kind gift from Dr Paul Slesinger (Mt Sinai, New York, USA) and
human GABABR1 and GABABR2 subunits were obtained from OriGene Technologies, Inc.
(Rockville, MD USA). Before transfection, cells were plated in 12 well plate and on reaching
~65% confluency were transfected using Lipofectamine 2000 (ThermoFisher Scientific,
Australia) following manufacturer protocol containing 2 g of each plasmid DNA with 0.2 g
of green fluorescent protein (GFP). After 48-72 hrs of transfection, cells were re-plated to
12mm glass coverslips and were transferred to 30oC incubator with 5% CO2. All experiments
were conducted at room temperature (22– 250C).
3.3.2 Isolation and culture of mouse DRG neurons
DRG ganglions were collected from young adult C57BL/6 male mice (6–8-week-old)
following all guidelines and regulations of Animal Ethics Committee (AE16/10r19) of
University of Wollongong (UOW). Briefly, ganglions were dissected from thoracic and upper
lumber regions by euthanizing mice with isoflurane inhalation and subsequent decapitation.
They were then collected in ice cold (4oC) Hanks Buffered Saline Solution (HBSS), free of
Ca2+ and Mg2+ , trimmed and transferred to a petri dish containing enzyme mix of Collagenase
type II (3 mg/ml; Worthington Biomedical Corp., Lakewood, NJ, USA) and Dispase (4 mg/ml;
GIBCO, Thermofisher scientific, Australia) in HBSS for digestion. After incubating this
enzyme mix for 40 minutes at 370C in 5% CO2 in a humidified incubator, the ganglia were
washed 3-4 times using F12/Glutamax (Invitrogen, Thermofisher scientific) media
supplemented with heat inactivated 10% foetal bovine serum (FBS; GIBCO, ThermoFisher
Scientific, Australia) and 1% penicillin/streptomycin (Pen/Strep, InvitrogenTM, Thermofisher
scientific). The ganglia were then dissociated and triturated using progressively smaller fire
polished glass Pasteur pipettes and filtered through a 160 m nylon mesh (Millipore Australia
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Pty Ltd, North Ryde, NSW Australia) to remove undigested material. Neurons were then plated
onto poly-D-lysine coated 12mm glass coverslips (Sigma-Aldrich, Australia) allowed 3-4 hrs
to adhere at 37C. After this, 1mL of media was added to supplement the neurons, left overnight
on the incubator, and transferred to 30oC incubator the next day and used within 12-24 hrs for
patching.
3.3.3 Whole-cell patch clamp electrophysiology of recombinant cells
Whole-cell patch clamp electrophysiology were typically performed in transiently
transfected HEK293 cells with GIRK1/2 or GIRK2 and GABABR1 and GABABR2 subunits
of the GABABR. The cells were placed in an external solution containing high K+ that included
(in mM): 120 NaCl, 20 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 10 Glucose, pH 7.4 with NaOH
(~320 mOsmol.kg-1). A peristaltic pump was used for the exchange of extracellular solution at
an exchange rate of 1 ml/min. Borosilicate glass capillaries (World Precision Instruments,
Sarasota, FL USA) (2-4 M) were filled with internal solution containing (in mM): 130 KCl,
20 NaCl, 5 EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetra acetic acid), 5.46
MgCl2, 10 HEPES, 5 MgATP, 0.2 Na-GTP, pH 7.2 with KOH (~300 mOsmol.kg-1). The cells
were voltage-clamped at a holding potential (VH) of -40 mV and were recorded using a voltage
ramp protocol from 100 mV to +40 mV (100 ms duration at 0.1 Hz). Hyperpolarizationactivated GIRK-mediated currents were recorded using a MultiClamp 700B amplifier
(Molecular Devices, San Jose, CA), digitized with a Digidata 1440A and acquired using
pClamp 11 software (Molecular Devices, USA). Cells were electronically compensated for cell
capacitance and series resistance to 80%.
3.3.4 Current clamp electrophysiology in mouse DRG neurons
Coverslips containing the dissociated mouse DRG neurons were superfused with a bath
solution containing (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 10 Glucose,
pH 7.4 with NaOH (~320 mOsmol.kg-1). Patch pipettes (2-4 M) were back-filled with an
internal solution containing (in mM): 130 KCl, 20 NaCl, 5 EGTA (ethylene glycol-bis(βaminoethyl ether)-N,N,N′,N′-tetraacetic acid), 5.46 MgCl2, 10 HEPES, 5 Mg-ATP, 0.2 NaGTP, pH 7.2 with KOH (~300 mOsmol.kg-1). Action potentials were evoked using a series of
depolarising current steps of 500 ms duration in small diameter DRG neurons (< 30 µm).
Whole-cell configuration was obtained in voltage clamp mode before proceeding to current
clamp recording. Neuronal excitability was measured every 5 s using a constant amplitude
small depolarizing current pulse.
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3.3.5 Data analysis and statistics
Clampfit 11.0 (Molecular Devices, San Jose, CA, USA) and GraphPad Prism 7
(GraphPad Software, San Diego, CA, USA) software’s were used for data analysis. To analyse
potentiated peak inward rectifying K+ current (IKir) density, basal (IBasal) currents were
measured using steady-state current evoked in high K+ (20 mM) solution. αO-conotoxin
GeXVIA or compound potentiated current (Icomp) and its density (pA/pF) was determined by
dividing peak current amplitude by cell membrane capacitance (Cm). Finally, to evaluate the
effects of GABABR potentiated Ba2+ sensitive GIRK current amplitude, 1 mM Ba2+ (in high
K+ bath solution, IK(Ba)) was applied at the end of each experiments and the current before and
after application of conotoxin or compounds were subtracted using following equation:
Basal IKir density (Ibasal , pA/pF) = (𝐼𝐾 − I𝐾(𝐵𝑎) )/Cm
Compound IKir density (Icomp , pA/pF) = (I𝐾 − I𝐾(𝐵𝑎) )/Cm

𝐼𝐾𝑖𝑟 = (𝐼𝑐𝑜𝑚𝑝 − 𝐼𝑏𝑎𝑠𝑎𝑙 )/𝐶𝑚
For current clamp or excitability parameters analysis, neurons those have resting
membrane potential of < -40 mV were not accepted for the experiments. Membrane input
resistance were calculated from a series of nine small hyperpolarizing current pulses from 0 to
-40 mV. Numbers of action potential were calculated at a current injection of 2x rheobase, in
both control and after application of conotoxin. Rheobase threshold potential was determined
at which evoked the first action potential either in control condition or after application of
conotoxin.
All data represent mean ± SEM, unless stated otherwise. Paired Wilcoxon Sighed Rank
test analysis was performed to compare GeXIVA affected currents for excitability parameters.
n, is number of observations and statistical significance is shown by asterisk indicating * p <
0.05,** p < 0.005, and **** p < 0.0001.

3.4 Results
3.4.1 Evaluation of αO-GeXIVA on GIRK channel
Globular, bead and ribbon, three different isomers of linear version of GeXIVA, have already
been characterized as a key selective antagonist of nAChRs (Luo et al., 2015). However, their
selectivity for GIRK channels remain unexplored. Previously, we have shown that some conotoxin can potentiate both homomeric GIRK2 and heteromeric GIRK1/2 channels when
coupled to GABABRs (Bony et al., 2020a). Therefore, when evaluating functionality of these
isomers on GIRK mediated IKir, we eventually focussed on heterotetrameric GIRK1/2 and
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homotetrameric GIRK2 channels. HEK293T cells transfected with either heteromeric
GIRK1/2 or homomeric GIRK2 channels and GABABR subunits, globular version of GeXIVA
isomers strongly potentiated GIRK1/2 mediated whole-cell IKir measured at -100 mV in the
bath solution containing high K+. The quantified potentiation for 1 M GeXIVA (globular) in
either GIRK1/2 or GIRK2 coupled GABABRs currents are, IKir = 13.03 ± 1.6 pA/pF (n = 10)
and IKir = 12.6 ± 1.6 pA/pF (n = 8), respectively (Fig.3.1A, B & C). Baclofen (100 M), an
orthosteric agonist of GABABR, was applied immediately after the peptide to validate IKir
potentiation was GABABR mediated. Bath application of baclofen potentiated heteromeric
GIRK1/2 and GABABR mediated IKir current, IKir = 15.2 ± 3.5 pA/pF (n = 10) (Fig. 3.1A &
C) and GIRK2 and GABABR mediated current, IKir = 18.4 ± 2.2 pA/pF (n = 8) (Fig. 3.1B &
C). Of note, basal control current level for baclofen mediated potentiation calculation was taken
after the peptide washout. The time course potentiation of GABABR coupled to either GIRK1/2
or GIRK2 confers, GeXIVA (globular) or baclofen induced potentiation were reversible upon
washout (Fig. 3.1A & B). Remarkably, the same isomer inducing strong nAChRs or Cav
current inhibition were irreversible (Luo et al., 2015) (Cav data unpublished). In addition, both
GIRK1/2 and GIRK2 currents evoked in high K+ solution, 1mM Ba2+ was applied at the end
of each experiment to isolate constitutive GIRK mediated IKir, which substantially inhibited
approximately 61.6% and 64.9% basal IKir density, respectively (Fig. 3.1A & B; Table 3.1).
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Figure 3.1. αO-GeXIVA potentiates homomeric GIRK2 and heteromeric GIRK1/2
channels when co-expressed with human GABABR in HEK293T cells. (A) Representative
peak K+ current recorded from cells expressing GIRK1/2 and GABABR in the absence (control)
and presence of 1 µM GeXIVA (blue), 100 mM baclofen (red) or 1 mM Ba2+ (grey).
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Corresponding diary plot to the current-voltage relationships. (B) Representative K+ currents
recorded from HEK293 cells co-expressing GABABR and GIRK2 channels in response to a
100 ms voltage ramp protocol (100 to +40 mV) from a holding potential of 40 mV applied
at 0.1 Hz in the absence (control) and presence of 1 µM GeXIVA (blue), 100 mM baclofen
(red) or 1 mM Ba2+ (grey). Corresponding diary plot to the current-voltage relationships. (C)
Summary of IKir potentiation at -100 mV of heteromeric GIRK1/2 and homomeric GIRK2
channels by 1 µM αO-GeXIVA. Globular GeXIVA potentiates GIRK1/2 IKir current density
by 13.0 ± 1.6 pA/pF (solid, blue, n = 10) and GIRK 2 by 12.6 ± 1.6 pA/pF (hashed, blue, n =
8). Ribbon (solid, purple) and Bead (solid, green) version of GeXIVA were not functional on
GIRK1/2 heteromeric channel. The One-way ANOVA, Tukey as post hoc test was performed
among the three different versions of this peptide applied on GIRK1/2 coupled to GABABR
channels. Data represent mean  SEM. **** P < 0.0001 vs globular GeXIVA.
Table 3.1: Summary of basal IKir density evoked in high K+ solution and their inhibition
after application of 1 mM Ba2+ in both GIRK1/2 and GIRK2 channel transfected in
HEK293 cells together with GABABRs.
Basal IKir density (pA/pF)
GIRK1/2+GABABR

GIRK2+GABABR

Ba2+ inhibition (pA/pF)

55.4 ± 11.2

21.3 ± 5.2

(n = 10)

(n = 10)

27.7 ± 7.8

9.7 ± 1.5

(n = 8)

(n = 8)

Interestingly, although the ribbon and bead isomer of GeXIVA peptide were found
effective both in nAChR (Wu et al., 2017; Zhangsun et al., 2017) and Cav2.2 coupled GABABR
channel (data unpublished), both were ineffective in potentiating GABABR mediated GIRK1/2
currents. The comparative effects of ribbon and bead isomers of GeXIVA peptide to potentiate
whole-cell basal IKir density for GABABR coupled GIRK1/2 currents are, IKir = 1.5 ± 0.4 (n =
7) and IKir = 1.1 ± 0.4 (n = 7), respectively (Fig. 3.2A-D, Fig. 3.1C).
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Figure 3.2: Effect of αO-GeXIVA (ribbon) on heteromeric GIRK1/2 channel transfected
with GABABR. Representative inward rectifier K+ currents recorded from HEK293T cells coexpressing GABABR. (A) Diary plots of GIRK1/2 current amplitude measured at 100 mV
plotted as function of time during sequential application of 1 µM GeIXVA (ribbon) (purple),
100 µM baclofen (red), and 1 mM Ba2+ (grey). (B) Corresponding current-voltage relationship
plot of (A) recorded in a voltage ramp protocol from -100 to +40 mV at 0.1 Hz. (C) Diary plots
of GIRK1/2 current amplitude measured at 100 mV plotted as function of time during
sequential application of 1 µM GeIXVA (bead) (green), 100 µM baclofen (red), and 1 mM
Ba2+ (grey). (D) Corresponding current-voltage relationship plot of (C) recorded in a voltage
ramp protocol from -100 to +40 mV at 0.1 Hz.
Besides, to further corroborate, in the presence of the selective GABABR antagonist,
CGP 55845 (1 µM), the potentiation of IKir by both baclofen and GeXIVA (globular) was not
observed in HEK293T cells co-expressing human GABABR and heteromeric GIRK1/2
channels (Fig. 3.3A-E). When quantified, the effect of baclofen following the application of
CGP 55845 was reduced to IKir (pA/pF) = 2.0 ± 0.5 from IKir (pA/pF) = 52.4 ± 5.2 (Fig.3.3E,
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n = 5). Contrarily, the density for GeXIVA (globular) potentiated current reduced to IKir
(pA/pF) = 1.2 ± 0.4 from IKir (pA/pF) = 11.6 ± 2.0 (Fig. 3.3E, n = 5)

Figure 3.3: CGP 55845 abolished the potentiation of IKir by both baclofen and GeXIVA
(globular) in HEK293T cells co-transfected with GABABR and heteromeric GIRK1/2
channels. (A) Diary plots of K+ current amplitude at 100 mV as a function of time in cells
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co-expressing GABABR and GIRK1/2 channels in the absence (control) and presence of 1 µM
CGP 55845 (light green), 100 µM baclofen (red) and 1 mM Ba2+ (grey). (B) Representative
corresponding I-V relationships in response to voltage ramps (100 to +40 mV) obtained in
the absence (control, black) and presence of CGP 55845 (light green), CGP 55845 + baclofen
(purple), baclofen (red) and Ba2+ (grey). (C) Diary plots of K+ current amplitude at 100 mV
as a function of time in cells expressing GIRK1/2 channels and GABABR in the absence
(control) and presence of 1 µM CGP 55845 (light green), 1 µM GeXIVA (globular) (blue) and
1 mM Ba2+ (grey). (D) Representative corresponding K+ currents recorded in GIRK1/2
channels co-expressed with GABABR in the absence (control, black) and presence of CGP
55845 (light green), CGP 55845 + GeXIVA (globular) (brown), GeXIVA (globular) (blue) and
Ba2+ (grey). (E) Bar graph representing quantitative potentiation of GABABR coupled
GIRK1/2 IKir by baclofen (100 µM, light red) alone compared to when applied with CGP
55845 (1µM, light green) and GeXIVA (1,2) (1µM, light blue) alone compared to when applied
with CGP 55845 (1µM, light green). Data represents mean ± SEM, numbers of experiment are
shown within the respective bars. Columns are analysed using students t-tests. ****P < 0.0001
and ***P = 0.0008.

In addition to that, none of the isomers exhibited any potentiating effect when applied
to HEK293T cells transfected to GIRK1/2 channels only (Fig. 3.4A-F). Notably, this
emphasize that GABABR is instrumental for the peptide to function.
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Figure 3.4: Evaluation of the effect of αO-GeXIVA isomers on HEK293T cells transfected
with heteromeric GIRK1/2 channels alone. (A, C, E) In the absence of GABABR, none of
the GeXIVA isomers potentiated GIRK1/2-mediated K+ currents as shown in the diary plots in
the absence (control) and upon bath application of 1 µM GeXIVA (globular) (blue) (A),
GeXIVA (ribbon) (purple) (C) or GeXIVA (bead) (green) (E). Bath application of the
GABABR agonist baclofen (100 µM, red) also failed to potentiate the K+ current but 1 mM
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Ba2+ (grey) applied at the end of each experiment inhibited the GIRK1/2 K+ current elicited at
100 mV. (B, D, F) Representative corresponding I-V relationships of GIRK1/2 K+ currents
obtained in response to a voltage ramp (100 to +40 mV) in the absence (control, black) and
presence of 1 µM GeXIVA (globular) (blue) (B), GeXIVA (ribbon) (purple) (D), or GeXIVA
(bead) (green, b) (F), 100 µM baclofen (red) and 1 mM Ba2+ (grey).
Finally, to put these results together in a perspective, this new peptide globular GeXIVA
demonstrate another new pharmacophore to effectively modulate both GIRK1/2 and GIRK2
channels based on effective coupling to GABABRs. This subsequently unfolds a new direction
to investigate further. Albeit, the counter productivity of bead and ribbon version of GeXIVA
may need further investigation to interpret thoroughly.
3.4.2 O-GeXIVA impact on active and passive membrane properties of mouse DRG
neurons
Membrane properties of adult mouse DRG neurons were electrically accessed using the wholecell patch clamp method and studied under current clamp condition. In case of neuronal
excitability, postsynaptic but not presynaptic GABABR stimulation couples to GIRK channel
and causes K+ influx, which subsequently minimize the excitability with resultant
hyperpolarization of membrane potential in central nervous system (CNS) (De Koninck &
Mody, 1997; Grampp et al., 2008; Luscher et al., 1997). Further to this, we have also
demonstrated, a known analgesic -conotoxin Vc1.1 modulate these membrane properties
through GIRK channel only when coupled to GABABRs (Bony et al., 2020a). A typical voltage
response in both hyperpolarizing and depolarizing current pulses when applying 1 M
GeXIVA (globular) to small diameter (<30 m) DRG neurons are shown in Fig. 3.5A. A 5 pA
increment depolarizing current step evoked trains of action potential in control condition
whereas 3-5 minutes application of GeXIVA (globular) generated single action potential (Fig.
4A). This significant reduction in number of action potential firing (Fig. 3.5E, *p = 0.0176)
was incorporated with ~1.1 fold decreased input resistance (RI) from 1627.3 ± 254.5 M to
1496.5 ± 248.3 (Fig. 3.5C, * p = 0.0257) and ~ 2 fold increase in rheobase potential from 22.1
± 6.0 pA to 42.1 ± 12.0 pA (Fig. 3.5D, *p = 0.0166). Consequently, GeXIVA (globular)
application resulted ~3.3 mV membrane hyperpolarization from -57.9 ± 2.8 mV control level
to -61.2 ± 2.7 mV (Fig. 3.5B, *p = 0.0024). Interestingly, the ribbon version of GeXIVA were
effective in inhibiting the number of action potential firing (Fig. 3.6A, B(iv)) but could not
alter any other parameters of membrane excitability of sensory neurons (Fig. 3.6B(i-iii)). In
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contrast, bead version of GeXIVA, which were instituted as non-functional on GABABR
coupled to GIRK or Cav channels (data unpublished), did not contribute to alteration of either
active or passive membrane properties (Fig. 3.6C & D).

Figure 3.5: αO conotoxin GeXIVA changes excitability parameters in small mouse DRG
neurons. (A) Action potential generated in a small DRG (21.2 µm) neuron by applying 5 pA
current before (left) and after application of GeXIVA (1 µM, right). Hashed line indicates 0
mV, black line denotes rheobase and red line denotes 2x rheobase for both membrane
potential and current. (B) Bar graph depicting resting membrane potential before (black) and
after application of 1 µM GeXIVA (blue); p = 0.0024. (C) Bar graph portraying the effect of
1 µM GeXIVA on input resistance of small DRG neurons; p = 0.0257. (D) Effect of GeXIVA
on rheobase potential of small DRG neurons; p = 0.0166. (E) Number of action potential
generated in response to 5-100 pA current injection in 500 ms duration in DRG neurons
before (black) and after (blue) application of GXIVA; p = 0.0176. Data represent mean ±
SEM, Paired t-test, number of experiments are shown in parenthesis.
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Figure 3.6: Excitability parameters remained unaltered in small mouse DRG neurons
with application of ribbon and bead version of GeXIVA αO conotoxin. (A & C) Action
potential generated respectively after application of 10 µM ribbon and bead version of
GeXIVA conotoxin. The hashed line denotes 0 mV, black line denoting rheobase and red line
denoting 2x rheobase potential for both membrane potential and current. (B & D) Bar graphs
denoting the effects of 10 µM GeXIVA ribbon and bead versions respectively on (i) resting
membraene potential (RMP), p = 0.46 & 0.713; (ii) input resistance (RI), p = 0.42 & 0.32;
(iii) rheobase potential, p = 0.36 & 0.37 an (iv) number of action potential (AP), p = > 0.99.
Data represent mean ± SEM; Paired t-test, number of experiments are shown in parenthesis.
It was also intriguing to speculate, in the presence of the selective GABABR
antagonist CGP55845 (1 M), application of GeXIVA (globular) did not affect the passive or
active membrane properties of mouse DRG neurons (see Fig. 4A and B) suggesting that
GABABR activation is a requisite for the dampening effects of GeXIVA (globular) on
sensory neuroexcitability (Fig. 3.7A & B).
Together, these results support our data obtained previously with analgesic -conotoxin
Vc1.1 on mouse DRG neurons (in chapter 2) conferring a significant portion of excitability
compensations arbitrate through GIRK-G protein-GABABR macromolecular complex. On that
note, evoked nAChRs or Cav channels inhibitory activities do not reconcile membrane
hyperpolarization (Dolphin, 2018; Xu & Lipscombe, 2001), enhancing potentiality of this
peptide together with the ternary complex of channel and receptor, as a compelling target for
pain therapeutics.
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Figure 3.7: Evaluation of the effect of the selective GABABR antagonist, CGP 55845, on
excitability parameters of adult mouse DRG neurons. (A) Representative voltage responses
to current clamp steps recorded in a DRG neuron in the absence (control; left) (i) and presence
of 1 µM GeXIVA (globular) (ii), and when the peptide is co-applied with 1 µM CGP 55845
(iii). Broken line indicates 0 mV, black indicates the rheobase and red indicates 2x rheobase
for both membrane potential and current. (B) Bar graph of the effects GeXIVA (globular) alone
and upon co-application of the peptide and CGP 55845 on resting membrane potential (RMP)
(i), input resistance (Ri) (ii), rheobase (iii), and number of APs (iv) in small to medium diameter
(<30 μm) adult mouse DRG neurons. Data represent mean ± SEM values. Columns are
analysed using Friedman test and further using Dunn’s multiple comparison test. *P < 0.05,
**P < 0.005, ***P = 0.0005. Numbers of experiments are presented within the respective bars
(n = 8).
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3.5 Discussion
In this study, we demonstrate two novel findings. First, other than, nAChRs and HVA (High
Voltage Activated) Cav channel, O-conotoxin GeXIVA (globular) is also functional on
GABABRs coupled to both GIRK1/2 and GIRK2 channel. Second, application of this peptide
plays a dynamic role to ameliorate sensory neuronal excitability impacting all parameters of
active and passive membrane properties. Remarkably, out of three (globular, ribbon and bead)
isomers, only one (globular) isomer variant of this peptide confers these potentialities towards
excitability characteristics. Together, these discoveries provide a comprehensive hallmark on
GIRK/GABABR activation upon GeXIVA (globular) application implying sparse neuroinhibitory activity patterns in vivo.
3.5.1 A viable alternative target for novel O-conotoxin GeXIVA
It is well known that several analgesic conotoxin found effective in nAChRs can also modulate
Cav2.2/Cav2.3 or GIRK channels while coupling to GABABRs (Berecki et al., 2014; Bony et
al., 2020a; Callaghan et al., 2008; Huynh et al., 2015b). However, very little has been known
about their functional relevance to GIRK-GABABR complex. Among four different subtypes
identified for this channel, GIRK1/2 heterotetramer combination considered to be the most
abundant in neurons (Aguado et al., 2008) thus believed to contribute potential neuro-inhibitory
signal transduction during pain processing (Blednov et al., 2003; Kimura et al., 2020; Pan et
al., 2008). Therefore, strategy anticipating in regulating these channels are much sought after.
We recently provided substantial evidence determining GABABR coupled GIRK1/2 or GIRK2
channel potentiation with several -conotoxins (Bony et al., 2020a). It was intriguing to
speculate the concurrent investigation with similar channel-receptor complex with Oconotoxin GeXIVA, revealed identical potentiation evidencing its efficacy as a dynamic
modulator. It is equipotent in modulating either homomeric or heteromeric GIRK channel but
only when coupled to GABABR. Although, it has been reported that GIRK1/4 channel as the
effector of GABABR, when expressed in Xenopus oocyte, is ineffective to -conotoxin
(McIntosh et al., 2009), this discrepancy from our result could be an example of species
variance, channel composition, signalling bias between conotoxins and canonical modulators,
coupling to ion channel and receptor (Kahanovitch et al., 2017; Sadeghi et al., 2017).
Molecular signalling mechanism of GeXIVA appeared to be identical to -conotoxin
Vc1.1, for Cav2.2-GABABRs modulation (data submitted for publication). Interestingly, this
downstream signalling of Vc1.1 for GIRK1/2-GABABRs complex is distinct in a way that it
obviates the need for both Gi/o and G subunit component of G protein (Bony et al., 2020a).
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Although the need for PIP2 or any phospholipases (Keselman et al., 2007; Luscher & Slesinger,
2010; Wang et al., 2014) are still under evaluation, however, this put an emphasis proposing
the signal synergism for GeXIVA eventuating through same pathway for GABABR coupled
GIRK channels. Although we note the biases involving the same ligand molecule with two
different transduction pathways, some plausible considering factors are, i) collision coupling
that intensifies the receptors ability to interact many intracellular and extracellular effectors
(Kahanovitch et al., 2017) which potentially contributes to modulate receptor localization,
signal specificity to interact several effectors upon ligand binding rather than forming a precoupled complex (Terunuma, 2018), ii) posttranslational regulation such as agonist induced
rapid internalization of GABABR may undermine transduction mechanism (Grampp et al.,
2008), and iii) close association of GABABR, G-protein and GIRK channel analysed through
FRET based assay in HEK293 cells (Fowler et al., 2007). In light of this explanations, not
much but little can also be explained reasoning the lack of characteristic effects observed in
ribbon and bead version of GeXIVA to GIRK channel. However, orthosteric agonist-induced
robust desensitization of GABABR have been evidenced in several studies

reporting

contribution of KCTD (Rajalu et al., 2015; Zheng et al., 2019), GRKs (G-protein Receptor
Kinases) protein families (Kanaide et al., 2007; Zhou et al., 2012) or anchoring protein,
arrestins (Perroy et al., 2003). In our experimental condition, restated in HEK293T cells, we
also verified (not shown) the same desensitization of baclofen evoked potentiation of GABABR
and thereby considered application of functional peptide prior to baclofen. On that note,
peptides (ribbon and bead versions) those found ineffective, baclofen was applied to verify
presence of maximum receptor-ion channel functional coupling and antagonist CGP 55845
while applying globular version to substantiate GABABR as prime to mediate the effects. Yet,
future experiments required to understand disparities starting from signal bias to functional
selectivity and desensitization.
3.5.2 GIRK-GABABRs complex and O-conotoxin GeXIVA constitutive activity contributes
to dampening neuronal excitability
A very important property of GIRK channel is synaptic activation, implying they can be
constitutively active in neuronal inhibition (slesinger and wickman, 2015). However, the
existence of multiple effectors, e.g.: nAChRs, Cav-GABABRs and GIRK-GABABRs channel
complex for this distinct peptide made it unclear to pin down one that mediates downstream
analgesic signal transduction. Based on previous studies conducted with Vc1.1, nAChRs
knockout mice deliberately exhibited analgesia with Vc1.1 focussing HVA Cav channel as a
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prime target (Mohammadi & Christie, 2014). Nonetheless, the recent discovery of GIRKGABABRs, as an alternative target for Vc1.1, posed a perplexity to revaluate the circumstances.
Data provided on excitability parameters for Vc1.1 in Bony et al. (2020a), accords well with
previous study demonstrating GIRK2 knockout mice portray abrogated analgesic effects with
opioid or ethanol induced analgesics, although they have a broad spectrum of effectors
including HVA Cav channel (Gonzalez-Rodriguez et al., 2010; Ikeda et al., 2002).
Additionally,

lack

of

GABABR

or

GIRK

channel

expression

either

in

early

neurodevelopmental stage of life or adult life, amplify neuronal excitability in dentate granule
cells as well as satellite ganglion cells of the trigeminal ganglia with a bona fide effects in
incapability’s to inhibit neurogenesis (Gaiarsa & Porcher, 2013; Giachino et al., 2014;
Gonzalez et al., 2018; Takeda et al., 2015). Therefore, for all three isoforms of this peptide, we
determined their effectivity in active and passive membrane properties in isolated DRGs and
surprisingly discovered, 1M GeXIVA (globular) produced reduction in Ri incorporating
hyperpolarization of RMP, at least in small sized sensory neurons from young adult mice.
Diminution of AP generations and rheobase potential increase integrated with abovementioned observations suggested, triggering of resting K+ conductance’s probably coming
downstream of Gαi/o-coupled receptor stimulation already found in in vivo experiments
conducted by Yudin and Rohacs (2018). Contrary to this, even after having minor contribution
of ribbon version of the peptide on reduction in action potential generation, both of ribbon and
bead version remained unable to reproduce any such effects generated by globular version, resignifying GIRKs as the mainstream modulator behind neuroinhibitory effects.
In retrospect, we also acknowledged the compensatory involvement of LVA (Low
Voltage Activated) Ca2+ channels activated in hyperoplarized potential, HVA Ca2+ current
constituting active GPCR inhibitory signalling by alleviating Ca2+ influx or activation of BK
channels in neuroinhibition. Thus to demonstrate, when we speculate the effects of conotoxin CVIE (in chapter 2), a selective HVA Ca2+ channel blocker, none of the active or
passive membrane excitability parameters were affected. In addition, neither Vc1.1 nor
GeXIVA can modulate LVA Ca2+ channels alone or coupled to GABABR. Besides, exclusive
Gi-DREADD (Gi-coupled, Designer receptors exclusively activated by designer drugs) mice
sensory neurons that express GIRK channels, as well exhibited change in membrane properties
along with characteristic analgesia thought to be attributed through GIRK channel (Saloman et
al., 2016). Therefore, plausibility that GIRK-GABABRs complex downstream signalling
resulting neuroinhibitory effects get intensified.
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3.5.3 Functional perspectives
While much work has done in distinguishing molecular determinants of GeXIVA analgesic
conotoxin, yet very little is known about disparities in their isomers functional selectivity
between Cav2.2 and GIRK, receptor internalization or receptor-effector association in a
macromolecular complex. Although some study contested about GIRK channels existence in
mouse sensory neurons (Gao et al., 2007; Nockemann et al., 2013), others provided substantial
evidences demonstrating activity induced augmentation of this channel in constraining neuro
excitability (Gonzalez-Rodriguez et al., 2010; Jeremic et al., 2021). Nevertheless, the results
obtained in this chapter about GeXIVA (globular) peptide offers the framework to investigate
further to answer the unanswered.
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Chapter 4: Functional analysis and characterisation of truncated αconotoxin, Vc1.1(1-8) and mutants at GABABR coupled Cav2.2 and GIRK
channels.
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4.1 Abstract
Macrocyclic and disulphide rich -conotoxins peptide continue to build widespread influence
on many scientific studies to develop essential understanding on designing a target specific
analgesic. This strategy is to evade opioid pain suppression pathway resulting drug dependence
or addiction considering receptor desensitization and subsequent cumulative effects on
neurotransmission. A grand design of Vc1.1(1-8) -conotoxin, sharing the first 8 peptide
residues of full-length Vc1.1 delineated analgesic activity in rodent model of chronic visceral
hypersensitivity (CVH). It displayed functional activity at both 7 nAChR and GABABR
mediating signal transduction through Cav2.2 calcium channel. Besides, the recent discovery
of GIRK channel as flipside pharmacological target of GABABR for full-length Vc1.1, we
investigated this truncated peptide, Vc1.1(1-8) on GIRK+GABABR mediated current that
demonstrated substantial potentiation equivalent to Vc1.1. Therefore, it made it more
challenging towards nominating one receptor mediating effective analgesia. Thus, to
investigate among these broad utility targets of truncated Vc1.1(1-8) peptide and subtract
categorically the definite amino acid residues central at GABABR level, some Ala, Asp and
Lys mutant analogues of prototype peptide were screened on GABABR mediated HVA Cav or
GIRK channel. Patch-clamp electrophysiology were performed in HEK293T cells or rodent
DRG neurons to determine selectivity and specificity for GABABR. Our results evidenced for
the first time, the prototype peptide Vc1.1(1-8) can modulate both homomeric GIRK2 and
heteromeric GIRK1/2 channel through GABABR. Consequently distinguished two selective
analogue, [S4R]Ac-Vc1.1 (2-8) and Vc1.1(1-8)-Acid functional only to 7 nAChR but not at
GABABR, facilitating differentiation of active biologic residues of truncated Vc1.1(1-8)
between two receptors. The outcome of our experiments provides powerful leads illustrating
target specific residues of truncated Vc1.1(1-8) peptide at GABABR-mediated HVA Cav
channel or GIRK channel modulation. Ultimately, offer a suite of novel short and fast acting
peptide compound in our endeavour to establish GABABR specific analgesic pharmacophore.
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4.2 Introduction
Conotoxins derived from marine cone snail Conus genus are 10 to 30 amino acid long
peptide stabilized by two or more disulphide bonds (Akondi et al., 2014; Olivera et al., 2014).
They exhibit remarkable versatility on their structural sequence, disulphide bond framework or
pharmacological target specificity. Among them, members of -conotoxin family are 11 to 16
amino acid long that incorporate characteristic -helix and stabilized by two disulphide bonds
in cys2-cys8 and cys3-cys16 connectivity which gives rise to two “loops”. Their precise
molecular targets are muscle or nicotinic acetylcholine (nAChRs) receptors; however, some of
them can substantially inhibit high voltage activated (HVA) calcium (Cav) channel through G
protein-coupled GABABR (GABABR) (Berecki et al., 2014; Carstens et al., 2016; Muttenthaler
et al., 2021; Sadeghi et al., 2018a). Several approaches thus far have been adopted both for
stability and potency enhancement of the peptide including backbone cyclization (Akcan et al.,
2015; Clark et al., 2005; Halai et al., 2011; Jia et al., 2014; Lovelace et al., 2006; Lovelace et
al., 2011), lipidation (Halai et al., 2009; Holtman et al., 2011; Wala et al., 2012) or inclusion
of backbone spacer (Green et al., 2007). A particular compelling approach proposed by
Carstens et al. (2016) colleagues to shape the 16 amino acid long Vc1.1 into 8 amino acid
truncated version which basically constitute the first “loop” amino acid residues connected
through a single disulphide bond denoted as Vc1.1(1-8) here, produced promising outcome in
vivo for chronic visceral hypersensitivity model of inflammatory bowel disease (Sadeghi et al.,
2018a). In the purpose of screening potent analgesic peptide towards the identification of active
modulators of Gi/o coupled GABABR, we happened to discover GABABR can also potentiate
G-protein-gated inwardly rectifying K+ channel (GIRK) upon full-length Vc1.1 conotoxin
stimulation of the receptor (Bony et al., 2020a). Therefore, this puts further emphasis on the
peptide making it more appealing towards its target and analgesia. On that note, we screened
some rationally designed Vc1.1(1-8) analogues chemically synthesized by SPPS and
structurally evaluated by NMR spectroscopy at the GABABR level coupled to HVA Cav
channel or GIRK channel.
GABABR belongs to metabotropic receptor family of G-protein coupled receptor
(GPCR) that acts for inhibitory neurotransmitter -aminobutyric acid (GABA) (Pinard et al.,
2010). Structurally they are heterodimers comprised of two subunits: GABAB1 and GABAB2
that works in a synchronous harmony (Frangaj & Fan, 2018; Padgett & Slesinger, 2010; Pinard
et al., 2010). Recently invented cryoEM structure of this receptor evidenced the involvement
of extracellular loop 2 (ECL2) which primarily precede ligand binding to Venus Fly Trap
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(VFT) domain to transmembrane domain requiring phospholipid interaction in the receptor
core (Geng et al., 2013; Mao et al., 2020; Papasergi-Scott et al., 2020). However, another
promising avenue to identify structure-activity relationship between receptor and ligand
molecule (peptide) is to identify key peptide residues in ligand specific for interactions with
receptors. While exploring this perception with full length -conotoxin Vc1.1 at the GABABR
level, outcome indicated “loop” 2 amino acids of Vc1.1 are more specific towards GABABR
over nAChR (Sadeghi et al., 2018a). Therefore, challenges arise in developing target specific
analogues consist of “loop” 1 amino acid residues. To further explore, we also clarified the
functionality of the truncated peptide on GIRK mediated GABABR current to assign peptide
residues significant for both calcium and potassium channels. Our systemic analysis of this
truncated peptide and analogues provides strong evidence that miniature peptide and some
mutants were not only capable to modulate HVA Cav channel or GIRK channel thorough
GABABR but can substantially contribute on an intricate interplay to alleviate
neuroexcitability.

4.3 Materials and Method
4.3.1 Recombinant cell culture and transfection
HEK293 cells expressing the large SV40 T-antigen (ATCC® CRL-3216, Manassas, VA
USA) were cultured in Dulbecco’s modified Eagle’s Medium (DMEM, Invitrogen TM,
Thermofisher scientific, Mulgrave, VIC Australia) supplemented with 10% foetal bovine
serum (GIBCO, Thermofisher Scientific), 100 units/ml penicillin, 100 g/ml streptomycin
(Pen/Strep, Invitrogen, Thermofisher Scientific) and 1% GlutaMax (InvitrogenTM,
Thermofisher Scientific). Cells were incubated at 37oC in 5% CO2 in a humidified incubator
and passaged regularly at 10% original density to when ~70-80% confluency reached following
standard protocols.
To conduct Cav2.2 and GABABR experiments, HEK293T cells were transiently cotransfected with plasmid cDNAs encoding Cav2.2 channels (subunits α1B-e37b, α2δ1 and β3; each
subunit 2µg; OriGene Technologies, Inc., Rockville, MD USA) and human GABABR subunits
(GABABR1 and GABABR2 subunits tagged with enhanced green fluorescent protein; 2 µg;
custom designed clone of Adams Lab) following calcium phosphate precipitation technique.
Cells were incubated at 37oC humidified incubator with 5% CO2 for 16-18 hours with calcium
DNA precipitation mix in 12 mm glass coverslips (VWR, USA) along with supplemented
growth media. Afterwards, upon change of the transfection media to fresh culture media, they
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were transferred to a 30oC incubator with 5% CO2. However, the experiments were conducted
48-72 hours after transfer to 30oC incubator.
Human GIRK1 (KCNJ3 or Kir3.1) and GIRK2 (KCNJ6 or Kir3.2, GIRK2a splice
variant) channel plasmids were a kind gift from Dr Paul Slesinger (Mt Sinai, New York, USA)
and GABABR1 and GABABR2 subunits of the human GABABR were acquired from OriGene
Technologies, Inc, (Rockville, MD USA). Lipofection transfection technique was used to
overexpress GIRK1/2 or GIRK2 and GABABR plasmids in HEK293T cells following the
manufacturer protocol using Lipofectamine 2000 (ThermoFisher Scientific, Australia). Briefly,
cells were plated in a 12 well plate before transfection and on attaining ~65% confluency were
transfected using 2 g of each plasmids together with 0.2 g enhanced green fluorescent
protein (eGFP). For patch clamp experiments, cells were re-plated to 12 mm glass cover slips
(VWR, Radnor, PA USA) after 48-72 hours of transfection and transferred to a 30oC
incubator with 5% CO2.
Of note, all recombinant cell experiments were conducted at room temperature (2225oC).
4.3.2 Dorsal root ganglion neuron isolation and culture
Male C57BL/6J young adult mice (6-8 weeks) (Australian BioResouces, Moss Vale,
NSW, Australia) were euthanized with isoflurane inhalation followed by cervical decapitation
in accordance with University of Wollongong Animal Ethics Committee (AE16/10r19)
guidelines. Dorsal root ganglion (DRG) neurons were isolated mainly from thoracic and lumber
regions in ice cold (4oC) Hanks Buffered Saline Solution (HBSS), no Ca2+ or Mg2+. Peripheral
nerve processes of DRGs were trimmed and neurons were then digested in an enzyme mix
containing Collagenase type II (3 mg/ml, Worthington Biomedical Corp., Lakewood, NJ USA)
and Dispase (4 mg/ml, GIBCO, Australia) diluted in HBSS in a 37oC humidified incubator
containing 5% CO2 for 40 minutes. Collected neurons were then cleaned with warm (37oC)
F12 media enriched with GlutaMax (Invitrogen, ThermoFisher Scientific), 10% heat
inactivated foetal bovine serum (HI-FBS; GIBCO, ThermoFisher Scientific) and 1%
penicillin/streptomycin (Invitrogen, ThermoFisher Scientific). Afterwards, sequentially
smaller fire polished glass Pasteur Pipette were used to mechanically triturate those neurons
followed by filtration with 160 m nylon mesh (Millipore, Australia Pty Ltd, North Ryde,
NSW Australia). Finally, the DRGs were plated in a 12 mm poly-L-lysine coated glass cover
slips (Sigma-Aldrich, Australia) and left for ~ 3 hours in 37oC humidified incubator to attach.
Later, the neurons were topped up with 1 ml of F12/GlutaMax supplemented media and
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incubated overnight. Neurons were transferred to 30oC incubator before conducting any
experiments and used within 12-24 hrs.
4.3.3 Electrophysiological recordings
4.3.3i) Whole-cell voltage clamp recording in HEF293T cells
For voltage clamp recordings, whole-cell patch clamp electrophysiology was typically
performed to generate either GABABR mediated GIRK2 or Cav2.2 currents. To isolate wholecell Ba2+ (IBa) current amplitude from Cav2.2+GABABR transfected HEK293T cells, the
recording chamber were bathed with an external solution containing (in mM): 100 NaCl, 10
BaCl2, 1 MgCl2, 5 CsCl, 30 TEA-Cl, 10 D-Glucose and 10 HEPES, pH adjusted to 7.35 using
TEA-OH (~320 mOsmol.kg-1). The fire polished patch pipettes with resistances of ~2-3 M
when filled with internal solution containing (in mM): 120 Kgluconate, 5 NaCl, 2 MgCl2, 5
EGTA, 10 HEPES, 5 MgATP and 0.2 Na2GTP, pH adjusted to 7.2 using KOH (~300
mOsmol.kg-1). Depolarization-activated IBa recorded in DRG neurons were superfused with
solution composed of (in mM): TEA-Cl 135, BaCl2 10, MgCl2 1.5, Glucose 10 and HEPES 10,
pH 7.35 adjusted with TEA-OH (~320 mOsmol.kg-1). The internal solution composition for
recording from DRG neurons contained (in mM): 140 CsCl, 1.5 MgCl2, 5 EGTA, 10 Glucose,
5 MgATP, 0.2 Na2GTP, pH 7.2 adjusted with CsCl (~ 295 mOsmol.kg-1). A voltage step
protocol using depolarization from 90 mV to 0 mV with 25 ms duration at 0.1 Hz was used
to obtain peak Cav2.2 currents. Whole-cell currents were sampled at 10 kHz and low-pass
filtered at 1 kHz. An online P/4 leak and capacity subtraction protocol were used while
recording peak IBa.
GIRK2 + GABABR transfected HEK293T cells were transferred to a small recording
chamber (500 L) and constantly perfused with an external solution containing high K+ (in
mM): 120 NaCl, 20 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 10 Glucose, pH 7.4 with NaOH
(~320 mOsmol.kg-1). Borosilicate glass patch pipettes (World Precision Instruments, Sarasota,
FL USA) (2-4 M) had a resistance of ~3-4 M when filled with internal solution containing
(in mM): 130 KCl, 20 NaCl, 5 EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetra
acetic acid), 5.46 MgCl2, 10 HEPES, 5 MgATP, 0.2 Na-GTP, pH 7.2 with KOH (~300
mOsmol.kg-1). The generated currents were recorded using a 100 ms duration voltage ramp
protocol (100 mV to +40 mV) from a holding potential (Vh) of 40 mV at 0.1 Hz.
A peristaltic exchange pump was used to interchange external and drug containing solution
at a rate ~1 ml/min with a holding capacity of the experimental chamber precisely 0.5 ml.
Depolarization- and hyperpolarization-activated Cav2.2 and GIRK currents were recorded
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using a MultiClamp 700B amplifier (Molecular Devices, San Jose, CA), digitized with a
Digidata 1440A and acquired using pClamp 11 software. Cells were electronically
compensated for cell capacitance and series resistance up to 80%.
4.3.3ii) Current clamp recording in adult mouse DRG neurons
Current clamp recordings from dissociated mouse DRGs were carried out with a bath
solution containing (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 10 Glucose,
pH 7.4 with NaOH (~320 mOsmol.kg-1). Borosilicate glass patch pipettes (2-4 M) were backfilled with an internal solution containing (in mM): 130 KCl, 20 NaCl, 5 EGTA (ethylene
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid), 5.46 MgCl2, 10 HEPES, 5 MgATP, 0.2 Na-GTP, pH 7.2 with KOH (~300 mOsmol.kg-1). Whole-cell configuration was
obtained in voltage clamp mode before proceeding to current clamp recording. A series of
depolarising current steps of 500 ms duration were used to evoke action potentials in small to
medium size diameter (< 30 µm) DRG neurons. Neuronal excitability was measured every 5 s
using a constant amplitude small depolarizing current pulse.
4.3.4 Drugs and chemicals
α-Conotoxins Vc1.1 was synthesized as described previously (Callaghan et al., 2008;
Daly et al., 2011; Nevin et al., 2007). Vc1.1(1-8) and its analogues were provided by Dr James
T.

Daniel

(University

of

Queensland,

Australia).

(±)-β-(Aminomethyl)-4-

chlorobenzenepropanoic acid (Baclofen) was purchased from Sigma-Aldrich (St. Louis, MO)
and

CGP

55845

((2S)-3-[[(1S)-1-(3,4-Dichlorophenyl)ethyl]amino-2-hydroxypropyl]

(phenylmethyl) phosphinic acid hydrochloride) was purchased from Tocris Bioscience
(Bristol, UK). All drugs were dissolved in distilled H2O to prepare to their appropriate stock
concentration other than CGP 55845, which was dissolved in DMSO (final concentration of
DMSO < 0.01%). Compounds were diluted to working concentration in their designated
extracellular solutions before application.
4.3.5 Statistical Analysis
To analyse GABABR modulation of Cav2.2-mediated currents in HEK293 cells or HVA
Cav channels in DRG neurons, control current level was acquired from the steady-state current
evoked in external solution (Icontrol) and peak IBa inhibition was measured by applying saturating
concentrations of either any -conotoxins (I-CTX) (1 M) or baclofen (IBac) (50 M). Finally,
the percentage of baclofen-sensitive current inhibition was calculated by using the following
formula:
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Baclofen-sensitive current = (IControl – IBac)/ IControl
Peak inhibition by I-CTX = (IControl – Iα-CTX)/ IControl
% inhibition of baclofen-sensitive current by I-CTX = (Iα-CTX/ IBac) * 100
GABABR coupled GIRK1/2 or GIRK2 mediated inward rectifying K+ (IKir) current was
evoked using bath solution containing high K+ (20 mM). The control or basal IKir density
(pA/pF) was measured by analysing the evoked steady-state current, entitled basal IKir (Ibasal)
and dividing it with the cell capacitance (Cm). Compound mediated peak potentiation (ICOMP)
density (pA/pF) was calculated by dividing the compound potentiated IKir with Cm. The Ba2+sensitive K+ current (IK(Ba)) amplitude was measured by applying 1mM Ba2+ and subtracting
the current before (Ibasal) and after application of any compounds (ICOMP).
Basal IKir density (Ibasal , pA/pF) = (IK − IK(Ba) )/Cm
Compound IKir density (Icomp , pA/pF) = (IK − IK(Ba) )/Cm
IKir = (Icomp − Ibasal )/Cm
Whole-cell current clamp recordings were obtained from small to medium sized (< 30
μm in diameter) isolated DRG neurons. Neurons exhibiting spontaneous activity or a resting
membrane potential (RMP) more positive than 40 mV was excluded from the study. Nine
small hyperpolarizing current steps in 5 pA increment (0 to 40 mV) was applied to calculate
the whole-cell input resistance (Ri) of each neuron from slope of the linear fit before and after
application of the peptide. The rheobase, corresponding to the minimum depolarizing current
inducing the first action potential, was determined before and after application of the peptide.
2x rheobase current amplitude stimulation was used to elicit action potential (AP) firing in the
absence and presence of a modulator. Action potential characteristics were analysed in
Clampfit 10.7 (Molecular Devices, San Jose, CA, USA), and results were plotted in GraphPad
Prism 7 (San Diego, CA, USA). Data represent as mean  SEM and n, number of experiments.
One-way ANOVA with Dunnett as post-hoc test was used to compare multiple groups; whereas
Student’s paired t-test was used to compare two groups. DRG neurons exhibiting identical
RMP, Ri, rheobase, or AP number values are portrayed only once in scatter paired graph, and
the actual number of individual experiments are presented in parenthesis. Statistical
significance is defined by *P < 0.05, **P < 0.005, ***P < 0.001, and ****P < 0.0001.
4.4 Results and discussion
4.4.1 Structure-activity analysis of truncated Vc1.1(1-8) and it’s analogues on HVA Cav
channel on HEK293T cells
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Structure-activity relationship analysis of some subsets of full length Vc1.1 analogue have
already been demonstrated at the nAChR level and GABABR coupled HVA Cav channels
(Halai et al., 2009; Sadeghi et al., 2018a). The outcome unwrapped three important peptide
residues, alanine, aspartic acid, and lysine indispensable for proper functioning of Vc1.1 at the
nAChRs and GABABRs level. Further to this, an intriguing development of truncated peptide,
Vc1.1(1-8) from “loop” 1 derivatives of Vc1.1, which is interestingly active at only GABABRs,
but not their ideal target 910 nAChRs was successive to induce effective analgesia in case
of chronic visceral hypersensitivity in rodents (Carstens et al., 2016; Klimis et al., 2011a).
Thus, we screened seven different analogues of our prototype peptide Vc1.1(1-8), [D-Arg 7],
[S3K], [S4D], [Thioacetal, [R7K], [S4R]Ac-Vc1.1 (2-8) and Vc1.1(1-8)-Acid at the HVA
Cav2.2 channels heterologously expressed in HEK293 cells and at HVA Cav channels of
acutely dissociated DRG neurons.
Similar to Vc1.1 (wt) (59.7  4.3, n = 7) (Fig. 4.1A & F) and miniaturised Vc1.1(1-8)
(53.6  5.3, n = 4) (Fig. 4.1B & F), at 1 M concentration, lysine substitution in position 3 of
Serine (Ser3) produced almost equipotent inhibition of baclofen sensitive IBa in recombinant
cells (47.2  3.9, n = 5) (Fig. 4.1C & F) which supports the study conducted previously
providing the evidence that lysine substitution at position 4 of Ser (Ser4) residue retain the
inhibitory capacity of IBa in rat DRGs (Sadeghi et al., 2018a). Contrarily, Asp substitution at
Ser4 [S4D] causes the loss of functionality of truncated peptide (5.1  0.5, n = 4) (Fig. 4.1F &
Fig. 4.2A) when investigated in recombinant transfected cells. This observation was further
substantiated by alanine substitution in the same position, [S4A] of miniaturised peptide, that
originated similar result when applied in rat DRGs (data unpublished). Thus, intensifying the
fact that carboxyl [S4A] or aliphatic [S4D] side chains at position 4 of truncated peptide
Vc1.1(1-8) are unsuited similar to results obtained in full-length Vc1.1 mutation at the same
position (Sadeghi et al., 2018a).
A second lysine substitution investigated on GABABR mediated Cav2.2 current was
Arg7 [R7K] that resulted loss of activity (4.2  0.9, n = 5) (Fig. 4.1F & 4.2B) supporting the
outcome acquired on full length Vc1.1 mutation (Sadeghi et al., 2018a). However, alanine
mutation on the same position of miniaturised Vc1.1(1-8), Arg7 [R7A] elicited no significant
activity loss of the peptide at GABABR level (unpublished data). Not to mention, similar
mutation on “loop” 1 of full length Vc1.1 peptide induced loss of functionality suggesting
disparities to distinguish structure-activity relationship of truncated and full length Vc1.1
conotoxin at GABABR level. Another notable study conducted by Ren et al. (2019) revealed
97

the impact of D-amino acid mutation (D-AA point mutation) of -conotoxin Rg1A at 910
receptor level acknowledging loss of activity of the peptide. However, interestingly, triple
mutation D-Arg-7,9,11 not only retained the inhibitory potency but appeared to have crucial
role in enzyme stability. Interestingly, the study did not explore the influence of D-AA
mutations of Rg1A at the GABABR level. Contrarily, Vc1.1(1-8) did not sustain the D-AA
mutation (data unpublished). Thus, an alternative mutation of Vc1.1(1-8) peptide fabricating
[R7A] that is minimally affecting the peptide activity (data unpublished), and D-AA were
utilised to generate [D-Arg7]Vc1.1(1-8) mutant. Next we investigated the impact of this newly
generated single point mutated peptide at Cav2.2 channel coupled to GABABR level. It was
intriguing to speculate that this peptide resulted in 36.4  2.6 % peak IBa inhibition (n = 5; Fig.
4.1D & F) of baclofen sensitive peak IBa inhibition.
Next, we investigated, cys2-8 disulphide analogue, [Thioacetal] mutation to review
prerequisites of dicarba analogues for structure stability and potency of Vc1.1(1-8) at GABABR
level. This specific deviation portrayed IBa inhibitory capacity identical to Vc1.1 (wt) or
prototype peptide Vc1.1(1-8) with maximal percent of baclofen sensitive IBa inhibition to 51.2
 5.3% (n = 5, Fig. 4.1E & 1F). This outcome anticipated results of the previous studies where
non-reducible disulphide analogue mutants of either full length Vc1.1 or Rg1A reported nonessential at GABABR level. Thus, implying cys2-8 disulphide mutants cannot perturb the
functionality of truncated Vc1.1(1-8) at GABABR level (Chhabra et al., 2014; van Lierop et
al., 2013).
The final two mutations of truncated peptide tested for GABABR mediated Cav2.2
current activity were [S4R]Ac-Vc1.1(2-8) and Vc1.1(1-8)-Acid. [S4R]Ac-Vc1.1(2-8) has been
reported to selectively and potently inhibit 7 nAChR (data unpublished). Besides, replacing
amidated C terminal domain of the peptide with carboxylated analogue can create a salt-bridge
with Arg10 side chain bringing unfavourable electrostatic interaction either within receptor or
peptide. This further can reduce both selectivity and potency of the peptide as proved for conotoxin LsIA (Inserra et al., 2013; Wen & Hung, 2019). Thus, we verified, carboxylated
analogue Vc1.1(1-8)-Acid at GABABR level. Representative traces of peak IBa inhibition of
both peptides, [S4R]Ac-Vc1.1(2-8) (Fig. 4.2C) and Vc1.1(1-8)-Acid (Fig. 4.2D) displayed loss
of activity even after 5 minutes of application. With an estimated inhibition of 5.3  0.8% (n =
5) and 4.0  0.6% (n = 5) baclofen sensitive current inhibition respectively when compared to
their precursor peptide Vc1.1(1-8) (Fig. 4.1F), we pinned down two outcome; first, [S4R]AcVc1.1(2-8) mutation peptide is selective for 7 nAChR, second, amidated C terminus
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carboxylation causes loss of functionality presumably due to secondary backbone structural
conformation. These findings are somewhat consistent with those studies conducted for full
length -conotoxins at GABABR level providing us a new direction to invent structurally
competent and fast acting resilient miniature peptides.
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Figure 4.1: Functional analysis Vc1.1 (wt) and some truncated -conotoxins at the
GABABR coupled to Cav2.2 channels. Representative time plot and corresponding current
traces (insets) generated from GABABRs coupled to Cav2.2 channel by a voltage step protocol
(-90 to 0 mV) from Vh of -90 mV at 0.1 Hz. The time plot and current traces denotes IBa
inhibition before (control, black) and after consecutive application of 1 M (A) Vc1.1 (wt)
(blue), (B) Vc1.1(1-8) (green), (C) [S3K] (light brown), (D) [D-Arg 7] (brown), (E)
[Thioacetal] (light green) and subsequent further inhibition with 50 M baclofen (red) which
was blocked with 1 M CGP 55845 (grey) application. (F) Bar graph summarising the percent
of baclofen sensitive IBa inhibition after application of Vc1.1 (wt), Vc1.1(1-8) and its seven
analogues. Data represent mean  SEM and number of experiments are displayed within the
respective bars. **** p < 0.0001 compared to the originator peptide Vc1.1(1-8) (One-way
ANOVA, Dunnett’s as post hoc test).
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Figure 4.2: Non-functional analogues of truncated Vc1.1(1-8) on GABABR coupled to
HVA Cav2.2 channels. Representative diary plots with their corresponding current traces
(insets) generated exhibiting no substantial inhibition of IBa, before (control, black) and after
application of 1 µM (A) [S4D], (B) R7K], (C) [S4R]Ac-Vc1.1 (2-8) or (D) Vc1.1(1-8)-Acid.
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4.4.2 Inhibition of HVA calcium channels in mouse DRG neurons by Vc1.1(1-8)
analogues
On the note of our previous mutational works with full length -conotoxins Vc1.1 and
Rg1A to sought after a particular inhibitor of GABABR that will enact sufficient analgesia have
guided us to design some selective mutants of truncated Vc1.1(1-8) (Castro et al., 2017; Halai
et al., 2009; Nevin et al., 2007; Romero et al., 2017). This miniaturised Vc1.1(1-8) has also
been reported to impede the activity of HVA Cav current in rat DRG neurons at concentrations
as low as 30 nM (Carstens et al., 2016). To probe the contributions of each non-cysteine residue
in Vc1.1(1-8), some Ala, Asp and Lys scan mutants were tested for Cav inhibition at a
concentration of 1 μM in rodent DRG neurons. Interestingly, Lys, D-AA and cys2-8 analogues,
those instigated robust inhibition on HEK293 cells transfected with HVA Cav2.2+GABABR
were also evaluated on mouse DRG neurons. Representative current traces and diary plots
depicting remarkable inhibition of peak HVA Cav current on application of 1 μM originator
peptide Vc1.1(1-8) or [S3K], [D-Arg 7] and [Thioacetal] are portrayed in Fig. 4.3A-D. While
in our experimental condition, truncated Vc1.1(1-8) inhibited whole-cell peak baclofen
sensitive IBa current ~57.7  2.4% (n = 4; Fig. 4A & E) in DRGs, the other three functional
mutants, [S3K], [D-Arg7], [Thioacetal] of Vc1.1(1-8) prototype successfully inhibited 47.7 
6.8% (n = 5), 37.1  1.9% (n = 5) and 53.2  1.6% (n = 5), respectively (Fig. 4.3B-E). We note
that current rundown can be a potential limitation which may mistakenly be attributed as
peptide action, however, this can be addressed by our confirmatory observations of the similar
peptides inhibitory actions in over-expressed HEK293 cells. Furthermore, the ability of the
peptides to potentiate GABABR-coupled GIRK currents (Figure 4.4 & 4.5) substantiates that
they are functional to GABABR activation.
These foremost speculation with mutants of truncated Vc1.1(1-8) suggest a breaking
new ground contemplating structure-activity of peptides and receptors to manufacture target
specific ideal drug candidate from selective analogues to mediate analgesia. Furthermore,
repercussion in the field untapped like immune cell modulation or cancer cell proliferation
modulation by characterizing these mutants of truncated Vc1.1(1-8) towards their active target
either nAChR or GABABR can bolster establishing target- or region-specific modulators (Mei
et al., 2018; Padilla et al., 2017).
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Figure 4.3. Evaluation of truncated -conotoxin Vc1.1(1-8) and its functional analogues
in high-voltage activated Ca channel current in mouse DRG neurons. Representative diary
plots with their corresponding current traces (insets) generated in small sized (< 30 m) mouse
DRGs in response to a voltage step protocol (-90 mV to 0 mV) from Vh -90 mV at 0.1 Hz.
Inhibition of peak IBa amplitude over time before (control, black) and after application of 1 M
(A) Vc1.1(1-8) (green) and its active analogues (B) [S3K] (light brown), (C) [D-Arg 7] (brown)
along with their period of application are shown with subsequent colour coded bars. Orthosteric
agonist, baclofen (50 M, red) and antagonist, CGP 55845 (1 M, grey) was applied at the end
of each experiment portrayed with corresponding colour coded bar. (D) Bar graph displaying
the baclofen sensitive peak IBa inhibition after application of Vc1.1(1-8) and its functional
analogues in mouse DRG neurons. Data represent mean  SEM and number of experiments
are exhibited within each bar.
4.4.3 GIRK channel potentiation by analgesic -conotoxin Vc1.1(1-8) and analogues
GABABR-coupled Cav2.2 channels represent a prime target of -conotoxins (Nevin et al.,
2007). An emerging target of the analgesic -conotoxins that was not previously explored is
the GABABR-coupled GIRK channel. Recently, we have shown that -conotoxins Vc1.1,
RGIA and PeIA in their “linear” version can modulate both native and recombinant
heteromeric GIRK1/2 and homomeric GIRK2 channels coupled to the GABABR (Bony et al.,
2020a). In the present study, we investigated the effect of Vc1.1(1-8) and seven truncated
Vc1.1 analogues on GABABR-coupled homomeric GIRK2 and heteromeric GIRK1/2 channels
in HEK293 cells, and determined the effects of these peptides on acutely dissociated mouse
DRG neuron excitability.
A 1 M saturating concentration was selected to screen these analogues on GABABR
coupled GIRK2 or GIRK1/2 channels based on our report for “linear” Vc1.1 modulation
(mentioned as, Vc1.1 (wt) here) or to maintain analogy with HVA Cav channel inhibitory
experiments. Vc1.1 (wt) at that specified concentration evoked robust and reversible
potentiation of IKir in HEK293T cells transiently transfected with GIRK2 and GABABRs (IKir
= 9.8  1.0 pA/pF, n = 8) (Fig. 4.4A & E). This alternate functional target of the effector
molecule Vc1.1 (wt) expanded our inquisitiveness to evaluate the truncated version, Vc1.1(18) which has already been described to have dynamic activity at the GABABR mediated HVA
Cav channel. Representative traces (Fig. 4.4B) or bars (Fig. 4.4E) indicates the equipotent peak
potentiation of IKir by this truncated peptide Vc1.1(1-8) (IKir = 9.9  1.8 pA/ pF, n = 5) which
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is likewise reversible to Vc1.1 (wt) supporting truncation of 16 amino acid long peptide did
not capitulated their functionality towards GABABR coupled GIRK2 channels. Moreover, out
of 7 mutants originated from the parent peptide Vc1.1(1-8), we found two were functional to
potentiate homomeric GIRK2 coupled GABABR channel; first, a Lys substitute at Ser3, [S3K]
and second, [D-Arg7] mutation. The quantified potentiation density of IKir generated by these
two mutants were, IKir = 9.6  1.7 pA/pF (n = 5) and IKir = 8.4  1.6 pA/pF (n = 5),
respectively (Fig. 4.4E), identical to either Vc1.1 (wt) or their prototype peptide Vc1.1(1-8).
Representative examples portraying each functional peptide modulating basal IKir and
corresponding current density over time in recombinant cells are in Fig. 4.4A-D. The remaining
5 inactive peptides are presented in Fig. 4.6A-E. In these experiments and in Fig. 4.5, 100 M
baclofen was used as positive control to demonstrate GIRK channel modulation via GABABR,
with added Vc1.1 (wt) application on last two mutants distinct for 7 nAChR. Remarkably,
the cys2-8 disulphide mutant, [Thioacetal], which is active at GABABR-mediated Cav2.2
channel, did not modulate GIRK channels (Fig. 4.4E & 4.6B), a finding that justifies additional
peptide modifications to better understand the specificity these receptor-effector interactions.
These may include the engineering of a non-reducible linker on miniaturised Vc1.1(1-8)
peptide to make it active at GABABR-coupled GIRK channels.
In a recent study by Bony et al. (2020a), full length Vc1.1 were potent for heteromeric
GIRK1/2 coupled to GABABR as well. In support to that idea, truncated Vc1.1(1-8) and 2 other
functional mutants, [S3K] and [D-Arg7] were justified in heteromeric GIRK1/2 channel. At 1
M saturating concentration, the parent peptide Vc1.1(1-8) robustly potentiated GIRK1/2
mediated basal IKir (IKir = 17.2  4.5 pA/pF (n = 3)) (Fig. 4.5B & E) similar to Vc1.1 (wt).
Besides, as predicted, [S3K] and [D-Arg7] mutants impelled potentiation of heteromeric
GIRK1/2+GABABR mediated basal IKir (IKir = 16.8  2.3 pA/pF (n = 5) & IKir = 14.1  2.0
pA/pF (n = 5), respectively) (Fig. 4.5C, D & E) approximately equipotent to Vc1.1 (wt) and
Vc1.1(1-8). The summary of potentiation of basal IKir density induced by wt Vc1.1, truncated
Vc1.1(1-8), [S3K], and [D-Arg7] is shown in Fig. 4.5E.
We have previously shown that both Gi/o and G subunits are prerequisite for GIRKGABABR downstream signal transduction for Vc1.1 (wt) -conotoxin. Mechanistically, the
ternary complex of GPCR, G protein and GIRK channels are brought together by G subunits
upon agonist stimulation, which presumably allow fast association and sequestration of G
with the channel ensuing gating and robust signalling (Peleg et al., 2002b; Sadja et al., 2003).
Further to this, peptides that incorporates G binding sites of the channel substantially found
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to inhibit GIRK channel potentiation (Stanfield et al., 2002). Our previous data also
demonstrated that signalling pathway of Vc1.1 (wt) for HVA Cav channel also requires Gi/o
and G subunits (Callaghan et al., 2008; Huynh et al., 2015a). But an interesting study
conducted by Christensen et al. (2017), suggested that Vc1.1 (wt) does not induce dissociation
of G and G subunits determined by BRET-assay. However, recent evidence also suggests
that the steps involved in GIRK channel potentiation upon ligand binding may involve the
assembly of a GPCR-G protein-GIRK channel macromolecular complex, which is capable of
transducing signal mostly by collision coupling rather than forming a pre-coupled complex,
thus allowing the ternary complex to interact with several intracellular and extracellular
effector molecules in the cascade by rapid internalization, making some conformational
changes within the complex, even agonist concentration to modulate time dependent relaxation
of the channel gating (Gonzalez-Rodriguez et al., 2010; Grampp et al., 2008; Kahanovitch et
al., 2017). Interestingly, an analogous complex formation between HVA Cav channel and
GPCR has not yet been demonstrated. The existence of a GIRK-G-protein-GABABR
macromolecular complex was first demonstrated in a FRET-based proximity assay (Fowler et
al., 2007), and additional evidence of such complex in mouse DRGs was provided in our
previous work (Bony et al., 2020a) and supported by additional literature data on DRGs or in
pyramidal neurons (Gao et al., 2007; Kulik et al., 2006). However to further elucidate the lack
of dissociation observed within G protein complex, several available crystal structure of
GABABR subunits (Geng et al., 2013; Geng et al., 2012) or heterodimers can provide initial
platform to research and explore binding sites of α-conotoxins at GABABR and thereby,
unravel the mechanism of receptor activation.
.
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Figure 4.4: Recapitulating the effect of Vc1.1 (wt), truncated Vc1.1(1-8) and its functional
analogues in HEK293T cells expressing GIRK2 and GABABRs. (A) Representative
current-voltage relationships obtained from a 100 ms voltage ramp protocol (-100 mV to +40
mV), from a Vh of -40 mV at 0.1 Hz, applied in the absence (control, black) and presence of 1
M Vc1.1 (wt) (blue), 100 M baclofen (red) and 1 mM Ba2+ (grey). Corresponding diary plot
to the current-voltage relationships. (B, C & D) Representative current-voltage relationships
and diary plots of peak IKir attained in the absence (control, black) and presence of 1 M
108

miniaturised -conotoxin Vc1.1(1-8) (green) and its analogues [D-Arg 7] (light brown), [S3K]
(brown) along with basal IKir inhibition following 1 mM Ba2+ (grey) application. (E) Bar graph
summarising the IKir density of GABABR mediated GIRK2 currents in response to 1 M
concentration of Vc1.1(1-8) and truncated Vc1.1(1-8) together with its analogues. Vc1.1(wt)
(blue), miniaturised Vc1.1(1-8) (green) and its analogues, [D-Arg 7] (light brown), [S3K]
(brown), [S4D], [Thioacetal], [R7K], [S4R]Ac-Vc1.1 (2-8) and Vc1.1(1-8)-Acid (all light
grey). Data representing mean  SEM, and each individual experiment for all peptides are
presented within the bar. *** p < 0.0005, **** < 0.0001 vs the prototype peptide Vc1.1(1-8)
(One-way ANOVA, Dunnett’s as post hoc test).
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Figure 4.5: Effect of Vc1.1 (wt), miniaturised Vc1.1(1-8) and it functional analogues on
heteromeric GIRK1/2 and GABABR current expressed in HEK293T cells. Representative
current-voltage relationship and corresponding diary plot of peak IKir current density obtained
in the absence (control, black) and presence of 1 µM (A) Vc1.1 (wt) (blue), (B) Vc1.1(1-8)
(green), (C) [D-Arg7] (light brown) and (D) [S3K] (brown). (E) Bar graph summarising the
effects of IKir density acquired in GABABR potentiated GIRK1/2 current for Vc1.1 (wt)
(blue), Vc1.1(1-8) (green), [D-Arg7] (light brown) and [S3K] (brown) active peptides. Data
representing mean  SEM, and each individual experiment for all peptides are presented within
the bar.

Figure 4.6. Evaluation of truncated Vc1.1(1-8) analogues in HEK293T cells co-expressing
GIRK2 and GABABRs. Representative peak IKir potentiation generated from a voltage ramp
protocol (-100 to +40 mV) at 0.1 Hz and Vh -40 mV. The current-voltage relationships and
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corresponding diary plots portraying maximum potentiation of basal GIRK2 coupled
GABABRs current (in high K+) (control, black) and subsequent potentiation’s with Vc1.1(1-8)
analogues, (A) [S4D], (B) [Thioacetal], (C) [R7K], (D) [S4R]Ac-Vc1.1(2-8) and (E) Vc1.1(18)-Acid (1 M, all light grey) together with inhibition of basal GIRK2+GABABRs current
with 1 mM Ba2+ (grey). Out of 5 non-functional analogues, Vc1.1 (wt) (1 M, blue) was applied
in 2 analogues (D & E) to endorse effective peptide potentiation after orthosteric GABABR
agonist, baclofen.

4.4.4 Insights on neuronal excitability and peptides contribution
To establish direct comparisons linking our previous study with wt Vc1.1 and
miniaturised Vc1.1(1-8)’s efficacy in modulating the excitability of sensory neurons, we
performed current clamp experiments in isolated DRG neurons. The passive and the active
membrane properties , including Ri, RMP, rheobase and AP firing were evaluated in the
absence and presence of 1 M peptide. Fig. 4.7A shows representative action potential activity
elicited by depolarizing current pulses in a small-diameter DRG neuron. Interestingly, Vc1.1(18) evoked membrane hyperpolarization of -4.98  1.2 mV (Table 4.1) in comparison to control
condition (from -50.5  2.0 to 55.5  1.6, n = 12; Fig. 4.7Bi) suggesting a strong plausibility
of association of GIRK channels contribution since this channel increase K+ influx upon
stimulation generating membrane hyperpolarization and neuroinhibition (Zhao et al., 2021).
This modification was incorporated with ~1.4 fold (table 1) substantial reduction in R I from
814.6  102.8 M to 669.4  106.9 M (n = 12; Fig. 4.7Bii). Further to this, our speculation
on rheobase potential in response to this peptide application was an escalation relatively 2.6fold (table 1) from 38.3  7.3 pA to 93.3  16.5 pA (n = 12; Fig. 4.7Biii). However, prominent
impact achieved on 2.5-fold (n = 12; Fig. 4.7Biv, Table 4.1) suppression in action potential
generation after peptide application is consistent with previous studies conducted to evaluate
the analgesic effect of full length Vc1.1 (wt).
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Figure 4.7: Truncated -conotoxin Vc1.1(1-8) alters passive and active electrical
properties of mouse DRG neurons. (A) Example of a small mouse DRG neuron (28.2 m)
generating action potential in response to 25 pA depolarizing current injections before (left)
and after application of 1 M Vc1.1(1-8) (right). Black line indicates the rheobase and red line
indicates 2x rheobase for both membrane potential and current injections. (B) Paired scatter
graph depicting the effect of Vc1.1(1-8) (green, 1M) in small DRG neurons on (i) resting
membrane potential (RMP), ** p = 0.0018; (ii) input resistance (RI), * p = 0.0125; (iii) rheobase
potential (pA), *** p = 0.0009 and (iv) number of action potentials (AP #), *** p = 0.0005 in
response to 500 ms depolarising current steps. Error bars represent  SEM and the numbers of
experiment are is shown in parenthesis (Paired t-test).
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Table 4.1: Summary of the effects of truncated Vc1.1(1-8) on excitability parameters of
mouse DRG neurons.

Parameters

Vc1.1(1-8)
(1µM)

 RMP

-4.98

±

1.2

(12)
RI

 1.4 ± 0.2
(12)

AP# (fold change)

 2.5 ± 0.2
(12)

Rheobase (fold change)

 2.6 ± 0.2
(12)

RMP, Resting membrane potential; RI, Input resistance; AP#, Numbers of action potential;
, increase; , decrease; Fold change calculated for each individual neuron and data represent
the mean ± SEM; numbers of experiment are given in parentheses.

The remarkable shift in resting membrane potential towards more hyperpolarizing
potential was thought-provoking because this explains a simultaneous counterbalancing effect
on mouse DRG neurons excitability, conducting through GIRK. Although promising, we also
note contribution of other channels like low voltage activated (LVA) Calcium (Ca2+) channels
(LVA Ca2+) or Ca2+ activated K+ (BK) channels. However, the LVA Ca2+ channels do not get
modulated with Vc1.1 (wt) obviating the possibility of this channel’s contribution towards
membrane hyperpolarization. Nonetheless, determining the influence of BK channel on
membrane excitability parameters necessitate some further experiments. In addition, reduction
in membrane resistance by the truncated peptide Vc1.1(1-8) infers contribution of GIRK
channel over inhibitory HVA Cav channel in suppressing excitability. This signal transduction
requires  subunit proposed in our previous studies (Bony et al., 2020a) further supported by
studies recommended removing either G, deletion of GIRK channel or blocking the channel
enhances excitability (Gonzalez et al., 2018). Contrarily, activation of the channel with
pharmacologically available activator like ML297 or even raising the level of G alleviated
excitability in dentate granule cells or other CA1 pyramidal cells (Luscher et al., 1997).
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Moreover, an increasing rheobase potential and decreasing in number of action potential
generated might be the consequence of both HVA Cav inhibition and constitutive GIRK
channel activation upon GABABR activation with our ligand molecule Vc1.1(1-8). Some
evidences point out that the stimulation of GABABR results inhibition of presynaptic HVA Cav
channel inhibiting neurotransmitter leads to postsynaptic GIRK channel activation, thus cause
neuroinhibition (Gerrard et al., 2018; Jeremic et al., 2021; Ladera et al., 2008). However a
growing evidence also suggested otherwise indicating both pre- and postsynaptic GIRK
channel activation and HVA Cav inhibition upon GABABR stimulation (Benke et al., 2012;
Chalifoux & Carter, 2011; Fernandez-Alacid et al., 2009; Ladera et al., 2008). As a
consequence, we believe, miniaturised Vc1.1(1-8) results both pre- and postsynaptic activation
and inhibition of GIRK or HVA Cav channels since our experiments were conducted in soma
of the sensory neurons. Similarly, increase in rheobase potential and decrease in input
resistance or action potential number generated might be an intricate interplay of both GIRK
channel activation and HVA Cav channel inhibition. Although our present experimental
conditions do not allow us to confer at which location or which ion channel has major
contribution to fine-tune the neuroexcitability in peripheral sensory neurons, from the literature
and our experimental outcome, it is conceivable that both ion channels explicitly express in
close proximity to each other to be manipulated by GABABR and conferring a sophisticated
interchange to modulate excitability.

4.4.5 Future perspectives
Although difficulties encountered to pin down one single target to probe plausibility of
neuroexcitability effects between two major targets of GABABR, GIRK and HVA Cav channel,
with the availability of various crystal structure of GABABR (Geng et al., 2012; PapasergiScott et al., 2020) may provide a steppingstone to analyse co-crystal structure with conotoxins to decode the binding site and downstream signal transduction of GABABR
activation. This can further benefit the study of contribution of each ion channels and combine
their advantages towards the discovery of an appealing analgesic. However, it is undeniable
the credence this structure-activity relationship of miniaturised peptide and receptor study has
to offer in delineating discovery of target specific resilient fast acting potent analgesic.
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Chapter 5: Functional analysis of environmentally sustainable recombinant
and synthetic disulphide-rich peptides in heterologous and native system.
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5.1 Abstract
Macrocyclic, disulfide-rich peptides have found widespread applications in drug design and
development. Current peptide production strategies rely heavily on solid phase peptide
synthesis (SPPS) requiring large amounts of hazardous/toxic reagents and solvents which have
negative environmental impacts. A possible solution is to develop a sustainable hybrid
production platform incorporating recombinant production of cyclic peptide precursors in yeast
followed by enzymatic maturation of these precursors into cyclic peptides using asparaginyl
endopeptidases in vitro. Harnessing the efficient secretory pathway of Pichia pastoris, peptide
precursors, cloned downstream of the α-mating factor secretion signal, were purified from
culture supernatant mitigating the need for complex purification. To demonstrate the broad
utility of the platform, three distinct classes of cyclic peptides were produced; two were
structurally validated by NMR and shown to be functionally equivalent to their synthetically
produced versions. Furthermore, using this platform we report the first recombinant production
of any α-conotoxin in its native “globular” conformation. Using scale-up production in
bioreactors, cyclic peptide yields of 85–97 mg L−1 of culture were achieved, far exceeding the
highest yields so far achieved for cyclic disulfide-rich peptides in any recombinant process.
This platform can potentially unlock production and facilitate applications of cyclic disulfiderich peptides previously inaccessible through large-scale chemical synthesis and reduce their
environmental burden.
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5.2 Introduction
cVc1.1 is a synthetic/cyclized Vc1.1 whereas Vc1.1 can be native or synthetic. cVc1.1 is
resistant to proteolysis, more stable and orally active. α-Conotoxin cVc1.1 extracted from
marine cone snail, Conus victoriae, is an orally active peptide with its supremacy originating
from combination of smaller size and presence of two disulphide bonds (Yu et al., 2015).
Besides, their inhibitory capacity to both α9α10 nAChR (Azam & McIntosh, 2009; Halai &
Craik, 2009) and High Voltage Activated (HVA) N-type (Cav2.2) and R-type (Cav2.3) calcium
channels (Callaghan et al., 2008; Nevin et al., 2007) make them compelling candidate as a drug
of choice for treatment of chronic neuropathic pain substituting conventional opioid drugs.
Although the analgesic target between α9α10 nAChR and GABABRs/Cav2.2 have been
contested, our lab colleague established GABABR as the pharmacological target since α9
nAChR-knockout mice exhibited no analgesic effects with Vc1.1(Callaghan & Adams, 2010).
However to reduce environmental burden, a possible alternative is to manufacture peptides
either recombinantly or hybrid production platform requiring less amount of toxic/hazardous
substrates (Ferrazzano et al., 2019; Kumar et al., 2017).
To further reinforce, in this study, we investigated three structurally distinct cyclic
peptides, one of which was produced recombinantly utilising Pitchia pastoris, using the
sustainable hybrid platform (Yap et al., 2020). These cyclic peptides are structurally similar to
native peptides preserving their globular conformations and disulphide bonds (Yu et al., 2015).
Finally, a simple Asparaginyl endopeptidases (AEPs) catalysation was followed to make the
peptide “cyclic” from its “linear” version (Hemu et al., 2016; Nguyen et al., 2016; Smithies et
al., 2020).
We wanted to determine (i) if [G22N]cVc1.1 produced on a large scale using platform
generated by Yap et al. (2020) was as potent as chemically synthesized [G22N]cVc1.1, and (ii)
if substitution of Gly22 with an Asn compromised cVc1.1's efficacy for GABABR-mediated
inhibition of Cav2.2. To further corroborate our speculation, [G22N]cVc1.1 from scale-up
production was used in functional assays on HEK293T cells transiently transfected with human
G protein-coupled GABAB receptor (GABABR) and Cav2.2 channels. In addition, their effects
were compared to native cVc1.1 with further elucidation of GABABRs role and reproducibility
in native cells.
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5.3 Materials and methods
5.3.1 Cell culture, transfection and clones
HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen TM,
Thermofisher scientific, Mulgrave, VIC, Australia) containing 10% foetal bovine serum
(GIBCOTM, Thermofisher Scientific), 1% penicillin and streptomycin (Pen/Strep,
InvitrogenTM, Thermofisher scientific) and 1% GlutaMAX (InvitrogenTM, Thermofisher
scientific). Cells were incubated at 370C in 5% CO2 in a humidified incubator and passaged at
10% original density to when ~80% confluency reached.
The calcium phosphate precipitation technique was used to transiently co-transfect the cells
with plasmid cDNAs encoding Cav2.2 channels (subunits α1B-e37b, α2δ1 and β3; each subunit
2µg; OriGene Technologies, Inc., Rockville, MD, USA), human GABAB1, GABAB2 with
enhanced green fluorescent protein (2 µg; custom designed clone of Adams Lab). Cells were
incubated with calcium DNA precipitation mix in growth media at 370C for 16– 18 hours.
Subsequently the transfected media was changed with fresh culture media and cells were
transferred to a 300C incubator with 5% CO2. 48 – 72 hours after transfection, cells were used
at room temperature to conduct any experiments (22– 240C).
5.3.2 Isolation and culture of rodent dorsal root ganglion (DRG)
All animal experiments were conducted in accordance with the University of Wollongong
Animal Ethics Committee (AE16/10) guidelines and regulations. Adult male C57BL/6 mice
(6-8 weeks old) were purchased from Australian BioResources (Moss Vale, NSW, Australia)
and housed in individually ventilated cases on a 12 h light/dark cycle; food pellets and water
were available ad libitum.
The mice were euthanized by isoflurane inhalation following decapitation. A laminectomy of
the spinal cord was performed and DRG neurons were collected in ice cold (4oC) Hanks
Buffered Saline Solution (HBSS) free of Ca2+ and Mg2+. DRG Neurons were then trimmed,
removing peripheral nerve processes, collected and digested in an enzyme mixture containing
Collagenase type II (3 mg/ml, Worthington Biomedical Corp., Lakewood, NJ, USA) and
Dispase (4 mg/ml, GIBCOTM, Australia) in HBSS. Enzyme mix containing DRGs was
incubated at 370C in 5% CO2 in a humidified incubator for 40 min. Neurons were then rinsed
three to four times in warm (37oC) F12/Glutamax (Invitrogen) media supplemented with 10%
heat inactivated foetal bovine serum (FBS; GIBCO, ThermoFisher Scientific, Australia) and
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1% penicillin/streptomycin. Neurons were then mechanically triturated with gradually smaller
fire polished glass Pasteur Pipettes. The dissociated DRG neurons were filtered through a 160
m nylon mesh strainer (Millipore, Australia Pty Ltd, North Ryde, NSW) to remove undigested
material. The filtered DRGs were then plated onto poly-D-lysine coated 12 mm coverglass
(Sigma-Aldrich, Australia). Cells were left to attach for ~3 hours at 370C after which, 1ml of
media was added. DRGs were then incubated overnight and used within 12-24 hrs.
5.3.3 Whole-cell patch clamp electrophysiology
Whole-cell Ba2+ currents of CaV2.2 channels were recorded using an external bath solution
containing (in mM): 100 NaCl, 10 BaCl2, 1 MgCl2, 5 CsCl, 30 TEA-Cl, 10 D-Glucose and 10
HEPES, pH adjusted to 7.35 using TEA-OH. Borosilicate fire polished Patch pipette (2-4 M)
were filled with internal solution containing (in mM): 120 Kgluconate, 5 NaCl, 2 MgCl2, 5
EGTA, 10 HEPES, 5 MgATP and 0.2 Na2GTP, pH adjusted to 7.2 using KOH. Whole-cell
Cav currents recorded from mouse DRG neurons were superfused with solution containing (in
mM): TEA-Cl 135, BaCl2 10, MgCl2 1.5, Glucose 10 and HEPES 10, pH 7.35 adjusted with
TEA-OH (~320 mOsmol.kg-1). Internal solution for native DRG neurons contain (in mM): 140
CsCl, 1.5 MgCl2, 5 EGTA, 10 Glucose, 5 MgATP, 0.2 Na2GTP, pH 7.2 adjusted with CsCl (~
295 mOsmol.kg-1). Depolarization-activated CaV2.2-mediated currents were recorded using a
MultiClamp 700B amplifier (Molecular Devices, San Jose, CA), digitized with a Digidata
1440A and acquired using pClamp 11 software. Cells were electronically compensated for cell
capacitance and series resistance to 80%. Cells were superfused by bath solutions including
those containing peptides or baclofen by a Peristaltic pump at an exchange speed of 1 ml/min.
Ba2+ currents were sampled at 10 kHz and low pass-filtered at 1 kHz. A voltage protocol using
step depolarization from 90 mV to +10 mV was used to generate peak Cav2.2 currents. An
online –P/4 leak and capacity subtraction protocol was used in recording whole-cell Ba2+
currents. Data acquisition was carried out using pCLAMP 11 software (Molecular Devices).
5.3.4 Data analysis and statistics
Data analysis used Clampfit 11 and GraphPad Prism 7 software (GraphPad, San Diego, CA).
In whole-cell Voltage clamp experiments, response for control current were obtained by
measuring the steady state current in bath solution (IControl), peak inhibition by agonists or
cVc1.1 (Iα-CTX

cVc1.1)

and baclofen-sensitive current by applying a 50 µM saturating
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concentration of Baclofen (IBac). Precentage inhibition of baclofen-sensitive currents were
calculated by following the formula below:


Baclofen-sensitive current = (IControl – IBac)/ IControl



Peak inhibition by cVc1.1 = (IControl – Iα-CTX cVc1.1)/ IControl



% inhibition of baclofen-sensitive current by α-CTX cVc1.1 = (Iα-CTX cVc1.1/ IBac) * 100

5.3.5 Peptides and Chemicals
α-Conotoxin cVc1.1 synthetic, [G22N]cVc1.1 synthetic and [G22N]cVc1.1 rocombinant were
synthesized and provided by Prof David Craik (Institute for Molecular Bioscience, University
of Queensland, Australia). (±)-Baclofen was purchased from Sigma-Aldrich (St. Louis, MO)
and

CGP55845

((2S)-3-[[(1S)-1-(3,4-Dichlorophenyl)ethyl]amino-2-hydroxypropyl]

(phenylmethyl)phosphinic acid hydrochloride) was purchased from Tocris Bioscience (Bristol,
UK). All compounds other than CGP55845 were dissolved in distilled H2O to prepare to stock
concentration of 1 mM and then added to the external bath solution to give the stated
concentrations. CGP55845 was dissolved in DMSO and final concentration of DMSO did not
exceed 0.1%.
5.4 Results
5.4.1 Activity of chemically synthesized cVc1.1, [G22N]cVc1.1 and recombinant
[G22N]cVc1.1 effects on GABABR mediated Cav2.2 channels
Representative depolarization-activated whole-cell inward Ba2+ current (IBa) mediated by
Cav2.2 obtained in the absence (control) and presence of synthetic cVc1.1, [G22N]cVc1.1 and
recombinant [G22N]cVc1.1 are shown in Fig 5.1A (i-iii). The time course of inhibition
of IBa amplitude by 200 nM recombinant [G22N]cVc1.1 and subsequent application of 50 μM
baclofen, a GABABR-selective agonist, is shown in Fig 5.1B. GABABR-mediated inhibition
of Cav2.2 by cVc1.1 was expressed as a function of the inhibition observed in the presence of
a maximally effective concentration of baclofen. Inhibition of peak IBa by chemically
synthesized cVc1.1, [G22N]cVc1.1 and recombinant [G22N]cVc1.1 was not reversible
following >15 min washout of the peptide similar to that reported previously for cVc1.1 (Yu
et al., 2015). Previous studies carried extensive research to uncover efficacy of cVc1.1 on
several High Voltage-Activated (HVA) calcium channel, reported the IC50 for cVc1.1 for
Cav2.2 channel in dissociated dorsal root ganglion (DRG) neurons is 0.3 nM whereas on
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Cav2.3 channel reproduced in heterologous system (HEK293 cell) is ~1nM (Yu et al., 2015).
The IC50 value for chemically synthesized [G22N]cVc1.1 reproduced in heterologous system
is 1.44 ± 4.3 (n = 4/5 for each concentration) confirms the potency described previously (Fig.
5.1C).

Figure 5.1: Functional analysis of chemically synthesized and recombinant version of
cVc1.1 GABABR coupled Cav2.2 channel in HE293 cells. (A) Representative superimposed
whole-cell calcium currents obtained in the absence (control, black) and presence of (i) cVc1.1
synthetic (200 nM, green), (ii) [G22N]cVc1.1 synthetic (200 nM, purple), (iii) [G22N]cVc1.1
recombinant (200 nM, blue) and baclofen (50 µM, red). (B) Peak Ba2+ current amplitude
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plotted as a function of time. Blue and red lines indicate duration of bath application of
[G22N]cVc1.1 recombinant and baclofen, respectively. (C) Dose-response curve of
[G22N]cVc1.1 synthetic in HEK293 cells transfected with Cav2.2 and GABABR. The IC50
value for the peptide depicts that the synthetic or recombinant version is equipotent to cVc1.1.
Bath application of 200 nM synthesized cVc1.1, [G22N]cVc1.1 and recombinant
[G22N]cVc1.1, each inhibited peak IBa amplitude by 52.4 ± 4.6%, 47.0 ± 7.6% and 50.4 ± 5.3%
(n ≥ 7), respectively (Fig. 2). Chemically synthesized cVc1.1, [G22N]cVc1.1 and recombinant
[G22N]cVc1.1 inhibited IBa in a concentration-dependent manner whereby a ten-fold lower
concentration (20 nM) inhibited IBa by 51.2 ± 5.9%, 40.6 ± 1.7% and 46.9 ± 2.8% (n ≥ 5),
respectively (Fig. 5.2).

Figure 5.2: Comparison of the effects of synthetic and enzymatically produced cVc1.1 in
recombinant system. Bar graph representing the % inhibition of baclofen-sensitive current in
the presence of 20 nM (green open, n = 6) and 200 nM (green stippled; n = 8) cVc1.1 synthetic;
20 nM (purple open; n = 5) and 200 nM (purple hashed; n = 7) [G22N] cVc1.1 synthetic; 20
nM (blue open; n = 6) and 200 nM (blue filled; n = 8) [G22N]cVc1.1 recombinant. Data
represent mean ± SEM. Number of experiments are shown in parenthesis.

5.4.2 GABABR is a prerequisite for signal transduction
Given that, both linear and cyclic Vc1.1 peptides required GABABR in their downstream
signalling cascade (Callaghan et al., 2008; Huynh et al., 2015b), we next verified the requisition
of this receptor by application of selective GABABR antagonist, CGP 55845. Since, our
experiments in Fig 1 and Fig 2 already conferred functionality of all three peptides in HEK293
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cells transfected with Cav2.2 and GABABR, we tested only the recombinant [G22N]cVc1.1
version which was the first ever hybrid peptide created preserving it’s native “globular”
conformation. HEK293 cells transfected with human Cav2.2 alone, recombinant
[G22N]cVc1.1 was not functional (n = 5) (Fig. 5.3A). Inhibition of Cav2.2-mediated currents
was observed only when cells were co-transfected with the GABABR subunits. Furthermore,
recombinant [G22N]cVc1.1 inhibition of IBa was antagonized by bath application of the
GABABR antagonist, CGP 55845 (1 μM) (n = 5) which was reversible upon wash out of CGP
55845 (Fig. 5.3B & C). Co-application of CGP55845 and recombinant [G22N]cVc1.1 reduced
baclofen-sensitive IBa inhibition ~five-fold consistent with GABABR in attenuation modulating
Cav2.2-mediated current (Fig. 5.3C).
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Figure 5.3: Evaluating the significance of GABABR in downstream signalling pathway of
Cav2.2 channel. (A) Peak Ba2+ current amplitude plotted against time and superimposed
whole-cell Cav2.2 current attained in the absence (control, black) and presence of
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[G22N]cVc1.1 recombinant (200 nM, blue) and baclofen (50 µM, red) in HEK293 cells
transfected without GABABR. (B) Peak whole-cell Cav2.2 current plotted against time
obtained in the absence (control, black) and presence of CGP 55845 + [G22N]cVc1.1
recombinant (1 µM + 200 nM, brown), [G22N]cVc1.1 recombinant (200 nM, blue and
baclofen (50 µM, red) with corresponding superimpose traces. (C) Bar graph comparing the %
inhibition of baclofen-sensitive Cav2.2 current on application of 200 nM recombinant
[G22N]cVc1.1 alone (blue; 50.4 ± 5.3 %, n = 8) and in combination with 1 µM CGP55845
(brown, 11.1 ± 2.4%, n = 5). Unpaired t-test; *** p < 0.0005. Data represent mean ± SEM.
5.4.3 Chemically synthesized cVc1.1 attenuated whole-cell HVA Ca2+ current in mouse DRG
neurons
Clark et al. (2010) have demonstrated, cyclized Vc1.1 (cVc1.1) is almost 1000 times more
potent and is orally active. After the functional evaluation of synthesized cVc1.1,
[G22N]cVc1.1 and recombinant [G22N]cVc1.1 in the heterogeneous system, lead us to
investigate their efficacy in mouse sensory DRG neurons. To optimise, we applied 200nM
chemically synthesized cVc1.1 in isolated small sized mouse DRG neurons. Whole-cell
baclofen-sensitive peak HVA calcium currents were inhibited 46.4 ± 3.2% (n = 5) which was
reproducible (Fig. 5.4A & B). The diary plot revealed the slow onset of cVc1.1 (~ 3 min) to
maximally inhibit the peak IBa current compared to baclofen (~1 min) (Fig. 5.4B). No
substantial difference was found in the peptides ability to recover inhibition of peak Ba2+
amplitude of the current after washout. When compared to recombinant GABAB-Cav2.2
expression in HEK293 cells, the effect of synthetic cVc1.1 on mouse DRG neurons was
equipotent (Fig. 5.4C).
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Figure 5.4: Inhibition of whole-cell Ca2+ current by chemically synthesized cVc1.1 in
mouse DRG neurons and recombinant GABAB-Cav2.2 current in HEK293 cells. (A)
Representative superimposed whole-cell IBa current evoked in mouse DRG neurons (21.6 µm)
in the absence (control, black) and in presence of synthetic cVc1.1 (200 nM, green) and
baclofen (50 µM, red). (B) Corresponding diary plot of the inhibition of peak Ba2+ current
amplitude as a function of time upon application of synthetic cVc1.1 and baclofen,
respectively. Green and red bar denoting the duration of application of. (C) Bar graph of the %
inhibition of the baclofen-sensitive IBa current by synthetic cVc1.1 in both native (46.4 ± 3.3%,
n = 5) and recombinant cell (52.4 ± 4.6%, n = 8). Data represent mean ± SEM. Number of
experiments are given in parenthesis.
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5.5 Discussion
The discovery and signal transduction of analgesic α-conotoxin cVc1.1 in isolated rat DRG
neurons set a steppingstone to find orally active non-opioid alternatives for chronic pain
therapy (Callaghan et al., 2008). Nonetheless, recently it has been shown to attenuate
neuroexcitability in human DRGs with enhanced antinociception in case of Irritable Bowel
Syndrome (IBS) in mouse model; thus, highlighting peptide’s role in physiological processes
of pain homeostasis (Castro et al., 2017). On the contrary, to mitigate environmental load
several researchers have tried to produce α-conotoxins recombinantly. However, these studies
did not answer entirely the structural analysis of the peptide or failed to produce the native
“globular” isomer (El Hamdaoui et al., 2019; Singer et al., 2012; Yu et al., 2018). Thus the
results presented in this chapter, demonstrated that the bio-sustainable peptide, recombinant
[G22N]cVc1.1 or synthetic cVc1.1 and [G22N]cVc1.1 can inhibit depolarization-induced IBa
current both in HEK293 cells and native mouse DRG neurons. Reciprocally, this puts an
emphasis on GABABR inhibitory signalling pathway to provide analgesia and unlocks a
relatively new platform for these biologics on the therapeutic market (Yap et al., 2020).
5.5.1 Functional analysis of three bio-sustainable α-conotoxins in native and recombinant
system
We have previously shown that ‘linear’ Vc1.1 and cVc1.1 have no direct effect on Ca v2.2
channels alone and require the co-expression of GABABR to inhibit the channel (Huynh et al.,
2015b; Yu et al., 2015). However, it is possible that non-native α-conotoxin isomers can lose
potency and/or specificity (Grishin et al., 2010). In this study, a recombinant peptide
manufactured utilising the hybrid production platform described by Yap et al. (2020) was
studied in its native globular conformation and compared to two chemically synthesized
versions of the same peptide. The data portrayed in this chapter determined that recombinant
[G22N]cVc1.1 produced in scale-up studies was equipotent to synthetic cVc1.1 and
[G22N]cVc1.1 in GABABR-mediated inhibition of the Cav2.2 channel using HEK293 cells
transfected with Cav2.2 and GABABR. Additionally, our experiments also demonstrate,
substitution of Gly22 with Asn to introduce an asparaginyl endopeptidases (AEPs) cyclization
site did not significantly affect the potency of cVc1.1 at the GABAB receptor. Of note, AEPs
ensure efficient catalysation of the backbone of “linear” peptide while converting them to
“cyclic” version (Du et al., 2020; Nguyen et al., 2014). Synthetic cVc1.1 and [G22N]cVc1.1
as well as recombinant [G22N]cVc1.1 were equipotent in the concentration-dependent
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inhibition of Cav2.2-mediated IBa currents. Furthermore, the selective GABABR antagonist,
CGP55845, antagonized the effects of recombinant [G22N]cVc1.1, indicating that the peptide
activates the GABABR to inhibit Cav2.2.
It is reported that, DRG sensory neurons have huge prospect as a target for the treatment
of chronic neuropathic pain (Berta et al., 2017). These peripheral sensory neurons actively
participate in pain signal processing and show premature molecular changes in their cell bodies
as a result (Berta et al., 2017). Interestingly, the ectopic spontaneous discharges that occur in
DRG neurons as a consequence of signal transduction during pain perception, is believed to be
resultant of an increased Ca2+ influx incorporated to aberrant activation of High Voltage
Activated (HVA) Ca2+ channels or KCa channels (Abe et al., 2002; Cizkova et al., 2002; D. S.
Kim et al., 2001; Yokoyama et al., 2003). Therefore, we next examined the functionality these
peptides in whole-cell HVA Ca2+ channels in isolated mouse DRG neurons. Our results
depicting an overall inhibition of peak IBa current magnitude by bio-sustainable synthetic
cVc1.1 supporting the outcomes conducted previously with native globular cVc1.1 (Callaghan
et al., 2008). Subsequently, these data upholds results obtained in recombinant system
conferring the potentiality of these bio-sustainable peptides towards lucrative therapeutics.
5.5.2 Proposed model of bio-sustainable α-conotoxin regulation of Cav2.2 channel
Regulation of both “linear” and “cyclic” version of Vc1.1 via GABABR mediated Cav2.2
calcium currents was made by in isolated DRG neurons (Callaghan et al., 2008) and/or using
heterologous system (Huynh et al., 2015b) respectively. However, the binding site for Vc1.1
still remains unidentified as it does not bind to orthostatic ligand binding site, Venus Fly Trap
of GABAB1 subunit of GABABR (Huynh et al., 2015b). Interestingly, this suboptimal inhibition
by both “linear” and “cyclic” Vc1.1 have been shown to involve a PTX (pertussis toxin)
sensitive G protein subunit, Gαi/o but not dependent on G subunit. Interestingly, signal
transduction was reported to occur through c-Src kinase mediated phosphorylation (Sadeghi et
al., 2017).
cVc1.1 binding to GABABR, prompts the downstream signal transduction by activating
the heterotrimeric G protein and modulating HVA Cav. Briefly, the heterotrimeric G protein
separates into Gα and Gβγ heterodimer subunits as a sequitur of ligand binding to receptor.
Afterwards, the PTX-sensitive Gαi/o subunit inhibit HVA Cav2.2 mediated current through cSrc kinase mediated phosphorylation. Baclofen modulation in contrast to “linear” or “cyclic”
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cVc1.1 is different in that inhibition requires Gβγ heterodimers for its modulation of Cav2.2
channel (Fig. 5) (Sadeghi et al., 2017) . Thus we propose, either synthetic cVc1.1,
[G22N]cVc1.1 or recombinant [G22N]cVc1.1 transduce their inhibitory signals by activating
GABABR and triggering the Gi/o mediated phosphorylation (Fig. 5.5).
In general, development of these bio-sustainable synthetic and recombinant peptides paved the
way to manufacture various non-native peptides once difficult to harvest. Derivatization of
native cVc1.1 emerged the head start of that era, thus far providing considerable opportunity
to study these peptides as a plausible chronic pain therapeutics.
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Figure 5.5: A schematic diagram portraying the signal transduction pathway for GABA BR modulation of Cav2.2 channels by synthetic
and recombinant cVc1.1 and baclofen. Baclofen binding to GABABR on Venus Fly Trap (VFT) of GABAB1 subunit causes dissociation of
heterotrimeric G-protein to Gα and Gβγ subunits that subsequently inhibit Cav2.2 (N-type) calcium channel (blue). Similarly, allosteric binding
of synthetic or recombinant α-conotoxin cVc1.1 activates GABABR by releasing pertussis toxin-sensitive Gαi/o subunit and inhibition of Cav2.2
by c-Src kinase mediated phosphorylation (brown).
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Chapter 6: General discussion and conclusion
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Peptides as active biologics with remarkable therapeutic efficacy and potency had its
genesis with insulin discovery. Since then, a wide range of peptide drugs have been invented
and found therapeutically effective in various clinical conditions like chronic pain, cancer,
osteoporosis, multiple sclerosis, etc. (Muttenthaler et al., 2021). Disulfide-rich peptides derived
from marine cone snail venom provide an excellent resource for drug discovery as many of the
bioactive constituents can selectively modulate a diverse range of ion channels and receptors
(Poth et al., 2021). Among them, a number of -conotoxins primarily selective for nAChRs
have been reported to alleviate pain, inflammation, and cancer. Moreover, a smaller number of
these -conotoxins have been shown to modulate HVA Cav channels through GABABR
activation. Further evidence suggest GABABR-coupled HVA Cav channel as a fundamental
mechanism for analgesia in rodent models of CVH (Sadeghi et al., 2018a). In Chapter 1, a
detailed review of the recent literature highlighting the molecular structure, pharmacology,
downstream signal transduction pathways and the role of membrane receptors and ion channels
is presented.
In Chapter 2, I describe the novel finding that -conotoxins Vc1.1, Rg1A and PeIA can
potentiate GABABR- mediated heteromeric GIRK1/2 or homomeric GIRK2 channels (Fig.
2.1). Among the few GIRK channel modulators, targeting of -conotoxins suggested a new
avenue for achieving analgesia and to our knowledge, the first report of modulation of GIRK
channel by any conotoxin. GABABR was identified as the primary target mediating the
signalling to potentiate GIRK channels and this was validated by block of the effect of the
contoxins and baclofen by the selective GABABR antagonist, CGP 558454. The fold of Vc1.1
supported by its two -disulfide bonds is essential for activity as reduction by dithiothreitol
resulted in loss of the peptide’s activity (Fig. 2.2). The potentiation of inwardly rectifying K+
current by Vc1.1 was facilitated by Gi/o and subsequently G for GIRK channel gating (Fig.
2.4). Additionally, I demonstrated in mouse DRG sensory neurons the potentiation of IKir by
Vc1.1 mediated by GABABR (Fig. 2.6). Finally, the effect of baclofen and Vc1.1 on the passive
and active electrical properties of DRG neurons was examined under current clamp conditions
mediated by GABABR coupled either GIRK or HVA Cav channel. Our approach to study
excitability parameters in mouse sensory neurons substantiated GABABR as an effective target
receptor to modulate pain signals. Interestingly, under our experimental conditions, peptides
targeting GABABR coupled to GIRK and HVA Cav channels can modify four active and
passive membrane parameters including hyperpolarizing membrane potential, decreasing input
resistance and number of AP# as well increasing rheobase potential when compared to selective
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Cav2.2 inhibitor, -conotoxin CVIE or non-selective Cav channel blocker, Cd2+ (Fig. 2.9).
This intricate interplay of GABABR activation by Vc1.1 and subsequent activation of GIRK
and inhibition of HVA Cav channels appear as complementary mechanisms mitigating
hyperalgesia.
In chapter 3, the functional analysis of another conopeptide, αO-GeXIVA, derived from
Conus generalis was carried out. Conotoxins are mainly classified based on their signal peptide
residues conserved in Endoplasmic reticulum (ER). This derived peptide’s analogy was
identical to O1-gene conotoxin superfamily and therefore, termed as O-conotoxin GeXIVA.
Interestingly, three isomers of the peptide based on their disulfide connectivity, globular, bead
and ribbon, established the α9α10 nAChR as the prime target. Functional activity for GeXIVA
isomers revealed that the globular and ribbon forms inhibited GABABR coupled HVA Cav
channels both in recombinant and native channels from DRG neurons whereas bead isomer
was inactive. Furthermore, investigating the effectivity of all three isomers at GABABR
potentiated GIRK channel demonstrated equipotent activity on homomeric GIRK2 and
heteromeric GIRK1/2 channel (Fig. 3.1) modulation consistent with our results obtained with
Vc1.1 in chapter 2. On that note, only the globular isomer was successful in achieving the
expected outcome on GIRK channel modulation compared to the bead and ribbon forms (Fig.
3.2). We next corroborated the contribution of these three isomers of GeXIVA on excitability
parameters of sensory DRG neurons. It was intriguing to observe that the globular version of
GeXIVA fine-tuned the four parameters of excitability, RMP, R I, rheobase potential and AP#
(Fig. 3.4) reflecting the similar observation attained with Vc1.1. In contrast, the ribbon and
bead isomers were inactive at GABABR-mediated potentiation of GIRK channels (Fig. 3.5).
Overall, these results highlight that GeXIVA activates GABABR to inhibit Cav2.2 and
potentiate GIRK channels to reduce neuronal excitability and subsequently elicit antinociception.
In chapter 4, I sought to investigate the structure-activity relationship of peptides
derived from “loop 1” of Vc1.1 termed as Vc1.1(1-8) and analogues at GABABR-coupled to
HVA Cav and GIRK channels. Patch clamp electrophysiology was carried out for human
GABABR and Cav2.2 or GIRK channels in HEK293T cells and mouse DRG neurons. The
prototype peptide Vc1.1(1-8), three mutants [S3K], [D-Arg 7] and the [Thioacetal] analogue
inhibited GABABR-mediated HVA Cav currents (Fig. 4.1 & 4.3). The other four mutants,
[S4D], [R7K], [S4R]Ac-Vc1.1(1-8) and Vc1.1(1-8)-Acid displayed a significant loss of
inhibitory activity on HVA Cav currents (Fig. 4.2). These mutants together with the prototype
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peptide, Vc1.1(1-8), were investigated at GABABR-coupled homomeric GIRK2 and
heteromeric GIRK1/2 channels. Surprisingly, Vc1.1(1-8) potentiated both GABABR coupled
homomeric and heteromeric GIRK currents (Fig. 4.4 & 4.5). The results obtained for GIRK
channels are consistent with those obtained for inhibition of HVA Cav except for the
[Thioacetal] derivative, where the GABABR-GIRK channel was susceptible to thiol reduction
(Fig. 4.6). Furthermore, some Ala mutants investigated on GIRK channel currents in mouse?
DRG neurons identified two (G1A and R7A) of six mutants, screened to be active (unpublished
data). Finally, two of the analogues, [S4R]Ac-Vc1.1(1-8) and Vc1.1(1-8)-Acid, were only
active against 7 nAChR and not GABABR. Taken together, the SARs findings obtained from
a suite of truncated Vc1.1 analogues has informedd the development of peptide analogues with
directed selectivity to pursue novel analgesics.
Although several conotoxins combine the ability of retaining drug-like properties and
being relatively stable their costly synthesis and the requirements hazardous and toxic solvents
in the process, calls for alternate strategies in order to reduce the environmental burden of
peptide production. Thus, in the last Chapter, the functional evaluation of recombinantly and
chemically produced [G22N]cVc1.1, as well as synthetic cVc1.1 was carried out on GABABR
coupled HVA Cav currentss. Whole-cell patch clamp electrophysiology carried out on both
recombinant HEK293T cells and mouse DRG sensory neurons displayed equipotent functional
activity for all three peptides at inhibiting peak IBa (Fig. 5.1 & 5.4). This outcome further
corroborated that the Gly substitution at position 22 with Asp residue was tolerated without
significant loss of activity in inhibition of IBa (IC50 of 1.44 nM equipotent to native cVc1.1)
(Fig. 5.1). A short synopsis of the plausible mechanistic signal transduction pathway is
demonstrated in Fig.5.5. These data pave a way for the first time, a versatile platform for
manufacturing recombinant peptide mitigating together the cost and environment load.
In summary, the results presented in this thesis demonstrate for the first time, the
expression of GIRK channels in peripheral sensory neurons and Vc1.1 modulation of GIRK
channels. This confirms the contribution of GIRK channels to peripheral anti-nociception
which was largely unexplored. Additionally, a class of α-conotoxins that potently modulate
GABABR- coupled GIRK channels was identified. Furthermore, structure-activity relationship
studies of trunctedVc1.1(1-8) at GABABR-coupled to either HVA Cav or GIRK channels,
provided a rational and powerful approach in drug discovery of emerging peptides that are fast
acting, substantive and target specific. Nonetheless, the viable alternative platform to develop
recombinant and chemically synthesized α-conotoxin in its native globular conformation which
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is functional at GABABR mediated HVA Cav current inhibition provide us with an opportunity
to achieve environmental sustainability, highest yield improvements in peptide production,
versatility and more importantly, functional equivalence in their activities. In this context, the
next step is to elucidate the binding site of these allosteric α-conotoxin modulators of GABABR
for which we have preliminary results based on computational modelling and functional
analysis. Moreover, a thorough systematic approach to further investigate the signal bias for
GABABR potentiation of the GIRK channel will contribute to a better understanding on
molecular interaction and physiological outcome. This research provides an optimistic
approach to novel peptide analgesic development replacing opioids to selectively modulate the
nociceptive circuits.
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